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Contribution to the publications 

1.1 Contribution to paper I 
As the first author of this publication, my contributions included the planning and conducting of all 
experiments, data acquisition and analysis, data visualization in GraphPad Prism version 10, and 
the preparation of the first draft of the manuscript.  

My aim in this project was to determine if the TRPV4 ion channel was involved in toxicant-induced 
changes in alveolar epithelial barrier integrity. To this end, I was responsible for isolating primary 
alveolar epithelial type 2 (AT2) cells from the lungs of wild-type (WT) and TRPV4-deficient 
(TRPV4-/-) mice, differentiating them to alveolar epithelial type 1 (AT1) cells, and running all sub-
sequent experiments with these primary cells. I assessed the role of TRPV4 in the context of 
pharmacological activation through the use of a specific TRPV4 agonist and antagonist 
(GSK1016790A and GSK2193874, respectively). I was able to confirm the specificity of these 
pharmacological agents through calcium imaging experiments conducted in WT and TRPV4-/- 
AT1 cells. Moreover, I established a model of acid-induced acute lung injury (ALI) through HCl-
induced media acidification in order to investigate TRPV4’s role in pH-sensing. I assessed the 
effects of these two TRPV4 activation conditions on the alveolar epithelial barrier integrity of WT 
and TRPV4-/- AT1 cells using electrical cell-substrate impedance sensing (ECIS) in the Z-theta 
system from Applied Biophysics (Troy, NY, USA). In parallel, I performed Western blotting to 
determine the effects of TRPV4 activation on the alveolar epithelial adherens junction protein, 
epithelial cadherin (E-cadherin).  

My experiments revealed that both GSK1016790A and acidic pH exposure triggered an acute 
loss of alveolar epithelial barrier resistance and the formation of an E-cadherin C-terminal frag-
ment (CTF). These effects were significantly reduced in the absence of TRPV4 functionality, con-
firming a role for TRPV4 in mediating toxicant-induced alveolar epithelial barrier dysfunction. In 
addition, through the use of the specific inhibitor GI254023X, I determined that the TRPV4-driven 
E-cadherin CTF formation was, in part, due to the activity of a disintegrin and metalloprotease-
containing protein 10 (ADAM10).  

1.2 Contribution to paper II 
Where my first paper addressed TRPV4 in the alveolar epithelial barrier, this second paper fo-
cused on the roles of TRP channels in oxidative stress-induced pulmonary microvascular endo-
thelial barrier dysfunction. I was the first author of this manuscript, and was responsible for the 
complete experimental setup, as well as the data generation, analysis, and visualization in 
GraphPad Prism 10. Additionally, I was responsible for preparing the first draft of the manuscript, 
and for conducting the additional experiments requested by the reviewers.  

Due to the restricted cell yield and low proliferation rates resulting from my preliminary tests of 
murine pulmonary endothelial cell isolation protocols, I conducted my experiments on primary 
human pulmonary microvascular endothelial cells (HPMEC, Promocell, Heidelberg, Germany) 
from four healthy donors. I characterized the effects of oxidative stress on HPMEC barrier integrity 
using ECIS-based cellular resistance measurements and Western blotting (see paper I) for vas-
cular endothelial cadherin (VE-cadherin) protein levels following the application of different con-
centrations of hydrogen peroxide (H2O2). I found that 300 µM H2O2 exposure caused an acute, 
persistent loss of HPMEC barrier resistance, coinciding with the appearance of a VE-cadherin 
CTF, and that these effects were not reflective of cytolysis. HPMECs treated with 75 µM H2O2 
also experienced an acute loss of barrier resistance, but were able to recover after 90 minutes. I 
was able to completely prevent the formation of the H2O2-induced VE-cadherin CTF through the 
pharmacological inhibition of ADAM10.  

We chose to investigate the redox-sensitive TRP channels, TRPM2 and TRPV2, after my initial 
quantitative real-time PCR revealed that they were among the top four expressed TRP genes in 
HPMECs, after TRPM7 and TRPC1. I performed calcium imaging experiments in HPMECs with 
the pharmacological inhibitors econazole and tranilast for TRPM2 and TRPV2, respectively, and 
confirmed that the increase in intracellular calcium concentration ([Ca2+]i) following H2O2 exposure 
could be partially reduced if either channel was independently inhibited.  I determined that TRPV2 
inhibition prevented H2O2-induced VE-cadherin cleavage, while TRPM2 inhibition increased the 
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degree of VE-cadherin CTF formation. TRPV4 inhibition had no effect on the degree of H2O2-
induced VE-cadherin cleavage. These Western blot results were corroborated with experiments 
using the alternate TRPM2 and TRPV2 inhibitors, JNJ28583113 and valdecoxib, respectively, as 
well as with siRNA-mediated gene silencing. I further confirmed the TRPV2/ADAM10/VE-cad-
herin pathway with the application of the TRPV2 agonist, cannabidiol, which also induced 
ADAM10-dependent VE-cadherin cleavage. I could not determine a role for TRPM2 in mediating 
VE-cadherin internalization, but did find that TRPM2 inhibition induced increased baseline 
HPMEC reactive oxygen species (ROS) levels and VE-cadherin cleavage, suggesting that 
TRPM2 could maintain redox homeostasis in HPMECs.  

I next addressed the roles of TRPM2 and TRPV2 in HPMEC barrier recovery following 75 µM 
H2O2 exposure. The inhibition of either TRPM2, TRPV2, or ADAM10 significantly impaired the 
recovery of HPMEC barrier resistance, which I investigated further in a time course of immuno-
fluorescence stainings following 75 µM H2O2 exposure. In cells pretreated with the solvent DMSO 
as a control, I observed a distinct, transient disorganization of VE-cadherin at the HPMEC plasma 
membrane 15 minutes after initial H2O2 exposure, with a recovery of membrane localization and 
organization after 90 minutes. The disruption of VE-cadherin was accompanied by a transient 
localization of N-cadherin at cell-cell junctions, which then returned to its baseline, intracellular 
localization at 90 minutes. Inhibition of the TRPM2 or TRPV2/ADAM10 pathways disrupted the 
H2O2-induced N- and VE-cadherin “switching” in different forms; TRPM2 inhibition in the presence 
of 75 µM H2O2 led to a permanent loss of VE-cadherin at the plasma membrane, while TRPV2 or 
ADAM10 inhibition prevented the initial disorganization of VE-cadherin and impaired the subse-
quent membrane localization of N-cadherin. The results of these experiments indicated that 
TRPV2 promotes HPMEC barrier recovery following oxidative stress by facilitating the HPMEC 
wound healing response by mediating the temporary “switching” of VE- and N-cadherin at ad-
herens junctions. 

1.3 Contribution to paper III (Appendix) 
This manuscript was the product of a fruitful and extensive collaboration between our lab and the 
working group of Prof. Dr. Annette Nicke. The aim of the project was to ascertain which pulmonary 
cell types expressed the purinergic receptors P2X4 and/or P2X7, and whether there was evidence 
for a physical association of these two ion channels in pulmonary tissue. As co-first author, I 
performed immunofluorescence stainings of isolated murine alveolar, intraperitoneal, and bone-
marrow-derived macrophages. I also provided advice on and executed confocal imaging for col-
ocalization analyses. Most relevant for this thesis, I was responsible for the harvest and prepara-
tion of murine lung tissue for immunofluorescence. I selected appropriate pulmonary epithelial 
and endothelial markers and performed the subsequent staining and imaging in order to deter-
mine the cellular localization of P2X7 and P2X4 in whole-lung tissue. The results of our experi-
ments determined that the overlap between the two ion channels in terms of cell type and sub-
cellular localization was limited, providing further evidence against a physiologically relevant, di-
rect interaction between P2X4 and P2X7 in the lungs. In addition to the experimental portion of 
the project, I also contributed to the preparation and editing of the final manuscript. 
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2. Introduction 

2.1 The composition and function of the alveolar barrier 
The lungs are considered the primary organ of the mammalian respiratory system and are re-
sponsible for facilitating gas exchange, supplying oxygen (O2) to the blood and removing carbon 
dioxide (CO2). In one breath, air is distributed from the upper respiratory tract, moving from the 
mouth and trachea through the branching system of conducting airways, the bronchi and bron-
chioles, and eventually reaching the alveoli, the main sites of gas exchange [1,2]. This distal, 
alveolar region comprises nearly 90 % of the total volume of the lung, with an approximate surface 
area of 140 m2 [3]. At the alveoli, O2 and CO2 move between the blood-gas barrier through passive 
diffusion, a type of transport made possible by the microscopically (~2 µm) thin nature of the 
barrier [3]. The alveolar barrier consists of three layers: the alveolar epithelium; the interstitial 
space, filled with an extracellular matrix (ECM), scattered fibroblasts, and a central band of colla-
gen providing tensile strength; and the microvascular endothelium [3-5] (Figure 1). The alveolar 
unit’s role in gas exchange was acknowledged as early as 1910 [6], but the thin, delicate barrier 
also contributes to the physical, chemical, and immunological defense of the airways from inspired 
toxins and pathogens [7]. As such, the alveolar barrier is both essential for respiratory health and 
function, and is also a prime toxicological target. 

2.1.1 The alveolar epithelium 

The alveolar epithelium mainly consists of the alveolar epithelial type 1 (AT1) and type 2 (AT2) 
cells. In healthy alveoli, AT2 cells produce and secrete pulmonary surfactant, which lowers the 
alveolar surface tension and aids in host defense, as surfactant proteins A and D bind to patho-
gens to promote their recognition by alveolar macrophages [8]. AT2 cells can also act as AT1 
progenitor cells, with greater proliferative and migratory capabilities than their AT1 cell counter-
parts, and are known to differentiate into AT1 cells in cases of pulmonary injury [9,10]. In contrast 
to the pseudostratified, columnar epithelium of the upper respiratory tract, AT1 cells are large, 
squamous cells that are cytologically similar to endothelial cells [11]. AT1 cells span approxi-
mately 95 % of the total alveolar surface, are responsible for the tight alveolar epithelial barrier, 
and are the site of gas exchange in the alveoli [9]. In addition, AT1 cells secrete vascular endo-
thelial growth factor alpha (VEGFα), an angiogenic protein, which could play a role in epithelial-
to-endothelial paracrine signaling in the developing or healing alveolus [12]. 

 

 

 

 

 

Figure 1: Structure of the alveolar barrier. 
The alveolar unit consists of a layer of alveo-
lar epithelial cells, an interstitial space popu-
lated by fibroblasts, and a layer of microvas-
cular endothelial cells. Alveolar macrophages 
act as a first line of defense against infiltrating 
pathogens (modified from [5,13]).   
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2.1.2 The microvascular endothelium 

AT1 cells facilitate gas exchange by interfacing with microvascular endothelial cells across the 
thin interstitial border [10]. These pulmonary microvascular endothelial cells line a capillary net-
work that surrounds the alveoli in a dense, mesh-like structure [3]. The endothelium serves many 
roles, including in angiogenesis, blood coagulation, and wound healing [14]. Additionally, the mi-
crovascular endothelium is responsible for the regulation of paracellular and transcellular 
transport of metabolites, gases, and signaling factors [14]. Vascular barrier integrity varies across 
organ systems, as well as between vascular regions within a single organ [15]. While endothelial 
cell-cell junctions are typically less restrictive than those between epithelial cells, the barrier 
formed by the microvascular endothelium is significantly more constrained than that of the arterial 
or venous endothelium [15-17].  

2.2 Cell-cell junctions and their regulators 

The integrity of the barriers formed by the alveolar epithelium and the microvascular endothelium 
depend on the junctional complexes between individual cells, which are composed of tight junc-
tions (TJs), adherens junctions (AJs), and desmosomes [18,19]. Tight junctions are aptly named 
for their pivotal role in maintaining a restrictive paracellular permeability, and are made up of the 
transmembrane proteins of the claudin family, as well as occludin, tricellulin, and junctional adhe-
sion molecules [18,19]. TJs interface with the actin cytoskeleton through interactions with zona 
occludens proteins [18,19]. AJs are mainly responsible for providing mechanical strength to the 
cell layer, regulating cell-cell adhesion and maintaining cell polarity [18,20]. Finally, desmosomes, 
consisting of the desmogleins and desmocollins proteins, confer mechanical stability through their 
connections to intermediate filaments [18].   

2.2.1 Adherens junctions, the blueprint of the junctional complex 

Adherens junctions consist of Ca2+-dependent, homophilic interactions between the cadherin pro-
teins of neighboring cells [21]. These proteins, including vascular endothelial cadherin (VE-cad-
herin) and epithelial cadherin (E-cadherin) are single-pass, transmembrane glycoproteins with a 
highly conserved, intracellular C-terminal domain [22]. This intracellular region interfaces with the 
actin cytoskeleton through several protein mediators, including vinculin, alpha-actinin, and several 
catenins [23,24]. In addition to being a functional tether between neighboring cells, adherens 
junctions are also essential for the formation and integrity of other junctional complexes. Epithelial 
tight junction assembly, for example, is restricted and disorganized in the absence of E-cadherin 
[25,26]. Not only that, but the formation of desmosomes, or the endothelial equivalent, syndesmos 
[27], is dependent on cadherins and their interaction with plakoglobin [28,29]. 

Cadherin proteins are in a state of constant turnover and, upon internalization into early endo-
somes, can either be degraded or reintroduced to the plasma membrane [30]. The rate of cad-
herin internalization is significantly increased upon its decoupling from p120-catenin [31-33] 
which, in the case of VE-cadherin, can result from the phosphorylation of serine or tyrosine resi-
dues at its C-terminus [32,34,35] (Figure 2). It has also been theorized that, aside from internali-
zation, the disruption of extracellular binding domains can lead to a diffusion of cadherins from 
AJs to the greater plasma membrane [24]. Whether a result of diffusion or internalization, altered 
localization of cadherins at AJs often accompanies an increase in paracellular permeability [36].  
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Figure 2: Processes governing the re-
moval of cadherin proteins from AJs. 
Cadherin proteins can undergo internaliza-
tion following C-terminus phosphorylation 
and dissociation from the catenin complex. 
Cadherins can also be cleaved by several 
metalloproteases, including ADAM10 (mod-
ified from [24,37]) The disruption of cad-
herin complexes can lead to cytoskeletal re-
organization following the dissociation of 
cadherins from filamentous actin (F-actin).   

 

 

 

 

2.2.2 Cadherins as substrates of MMP and ADAM proteins 

Cadherin proteins at the plasma membrane can also the target of proteases, including matrix 
metalloproteases (MMPs) and members of the a disintegrin and metalloprotease (ADAM) family, 
in a process of proteolytic ectodomain cleavage, or “shedding” [38,39] (Figure 2). The regulation 
of VE-cadherin levels at the cell membrane through protease cleavage was first described in 1998 
[40], and it is presently accepted that MMP activation leads to endothelial remodeling and the 
degradation of the ECM, leading to junctional disruption and cell detachment, which are neces-
sary steps in wound healing and angiogenesis [21]. The majority of protease-driven shedding of 
E- and VE-cadherin is the result of ADAM10 activity [41-43], while other proteases, including 
MMPs 3 and 7, ADAMs 15 and 17, and cathepsins can also cleave cadherins [39,44]. Protease-
driven cadherin cleavage is likely Ca2+-dependent, as ionomycin-induced Ca2+-influx significantly 
increases the extracellular shedding of E-cadherin [45]. Protease-mediated cadherin shedding 
reduces cell adhesion while increasing cell migration, and serves an essential role in cell-cell 
communication, angiogenesis, and wound healing [38,42]. 

2.2.3 N-Cadherin and its role in “cadherin-switching” 

In addition to VE- and E-cadherin, endothelial and epithelial cells also express neural cadherin 
(N-cadherin) [24,46]. Where VE- and E-cadherin are associated with contact inhibition of cell 
growth [47-49] and constrained cell motility [50-52], N-cadherin expression and localization at AJs 
is associated with a migratory phenotype [51,53]. While the former are the most prominent cad-
herins at the AJs of their respective cell types at steady-state, N-cadherin remains dispersed both 
along the cell membrane and intracellularly [46,54]. Several reports suggest that the presence of 
E- and VE-cadherin at AJs restricts N-cadherin translocation, and demonstrate that, in the ab-
sence of E- or VE-cadherin, N-cadherin rapidly translocates to and organizes at AJs [46,51]. This 
phenomenon of “cadherin-switching” has been noted across a variety of metastatic cancers 
[53,55-58].  N-cadherin is also known to activate the Rac1/RhoA signaling pathway, which sub-
sequently induces the recruitment of VE-cadherin to AJs [59]. Therefore, “cadherin-switching” 
may serve an essential biological role to allow cells to transition into a temporary state of elevated 
motility to facilitate efficient wound healing, returning to a steady-state once cell-cell contacts have 
been reestablished. 
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2.3 Effectors of altered barrier permeability 

The epithelial and endothelial cell layers that make up the alveolar barrier are constitutively re-
strictive, and paracellular transport across these barriers is strictly regulated. However, the thin, 
delicate nature of these cells predisposes the alveolar barrier to permeability-inducing agents 
from endogenous and exogenous sources. Airway epithelial barrier dysfunction, for example, can 
be caused by various environmental exposures, including cigarette smoke [60], allergens, air pol-
lution, respiratory viruses and bacteria [61,62]. In comparison to the arterial or venous endothe-
lium, the pulmonary microvascular endothelium is far more sensitive to injury [63]. The barrier 
integrity of the pulmonary microvasculature can be disrupted by mechanical stress (as in the case 
of ventilator induced lung injury), oxidative stress, and by signaling from neutrophils, platelets, or 
lymphocytes [64]. Extensive, prolonged microvascular leakage has been attributed to numerous 
inflammatory diseases, such as anaphylaxis, sepsis, and acute lung injury (ALI) [65]. Regardless 
of the initial trigger, prolonged elevated barrier permeability can lead to a buildup of fluid from the 
plasma in the interstitial and alveolar spaces. This condition, termed pulmonary edema, can lead 
to acute respiratory distress syndrome (ARDS) [66], with an estimated mortality rate of 40 % in 
moderate cases [67]. As such, a deeper understanding of the mechanisms underlying alveolar 
epithelial and microvascular endothelial barrier dysfunction would be beneficial for advancing clin-
ical care. 

2.3.1 Acid exposure 

A drop in extracellular pH is a dangerous trigger of altered alveolar epithelial barrier integrity, 
leading to pulmonary injury known as aspiration pneumonitis [68]. The average airway pH is ap-
proximately 7.3 [69], but it can drop significantly to acidic levels upon the aspiration of gastric 
fluid, the pH of which ranges from 1.5 to 3 [70]. Gastroesophageal reflux disease (GERD), expe-
rienced by 10-20 % of the Western adult population, is a major risk factor for gastric acid aspiration 
[68]. Although gastric acid aspiration is associated with increased alveolar neutrophil number and 
inflammation in humans, the underlying signaling pathways are still unclear [71]. Acid-induced 
ALI has been modeled in vivo by intra-tracheal instillation of HCl in rodents, resulting in increased 
alveolar permeability, impaired gas exchange, and an increase in inflammatory cell infiltration [72-
77]. However, these in vivo experiments do not give insight into the acute signaling following 
acidic exposure in the alveoli, as lung function and tissue analyses were conducted only 3-6 hours 
after exposure. Therefore, supplementing the aforementioned findings with results from in vitro 
assessments would greatly improve our understanding of the mechanisms behind acid-induced 
ALI.  

2.3.2 Oxidative signaling 

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and the superoxide anion, 
are important endogenous signaling molecules. ROS are produced during mitochondrial respira-
tion as well as by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in the phago-
lysosomes of activated inflammatory cells [78,79]. Endothelial cells, in particular, require low lev-
els of ROS for processes such as wound healing and angiogenesis [80,81]. Elevated ROS levels, 
however, can cause cellular oxidative distress, which can lead to altered signaling and apoptosis 
[80]. Therefore, the concept of a “redox window” has been introduced to describe the range of 
cellular redox rates wherein ROS signaling is optimal [80,82]. Interestingly, alveolar acidification 
experiments have shown a downstream increase in endothelial ROS levels. This finding has sig-
nificant implications regarding the alveolar barrier, as ROS are known to alter endothelial barrier 
integrity. ROS exposure has been shown to trigger a permanent loss of endothelial resistance 
[83,84], and increase myosin light chain phosphorylation, which causes cell contraction [85]. ROS 
exposure has also been shown to induce endothelial VE-cadherin phosphorylation [86] and inter-
nalization [84,87].  

2.3.3 Immune cell trafficking and invasion 

Of all the circulating immune cells, neutrophils are the first to migrate to sites of injury, inflamma-
tion, or infection [7,88]. Not only do neutrophils respond to oxidative stress and inflammation, but 
they are also major endogenous sources of ROS, capable of adhering to the endothelial cell 
surface and releasing ROS in a respiratory burst [23,89-91]. Migrating leukocytes preferentially 
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target AJs over TJs [92,93], and trigger a localized loss of VE-cadherin at the site of transmigra-
tion, which is reversed once the cell has transversed the endothelium [93]. Epithelial AJs are also 
affected during neutrophil transmigration, as transepithelial neutrophil migration induces prote-
ase-driven E-cadherin cleavage [94]. Experimental models of pulmonary acid exposure [75,76] 
or microvascular oxidative stress [95,96] have shown an increase in leukocyte recruitment and 
transmigration in response to the respective stimulus. As such, neutrophil extravasation, and the 
associated respiratory burst, could be an additional endogenous effector of altered alveolar bar-
rier integrity in response to an exogenous trigger, such as acid-induced ALI (Figure 3). 

 

 

Figure 3: Acid aspiration and oxidative signaling induce alveolar barrier permeability. The 
integrity of the alveolar barrier can be compromised during acute lung injury (ALI), such as in the 
case of acid aspiration, or as a result of oxidative signaling by reactive oxygen species (ROS), 
including the respiratory burst released by invading neutrophils. Extensive permeability can lead 
to the development of acute respiratory distress syndrome (ARDS). 

2.4 TRP channels in alveolar barrier function 

The integrity of AJs depends on extracellular Ca2+, and Ca2+ influx is a well-recognized effector 
of barrier permeability [97], lending the family of non-selective transient receptor potential (TRP) 
cation channels particular toxicological interest for Ca2+-signaling in barrier dysfunction. The TRP 
locus, first identified in a 1989 study on Drosophila mutants [98], has since been characterized as 
a genetic superfamily of 28 mammalian homologues spanning 6 subfamilies [78,99]. TRP proteins 
share a common structure, with intracellular N- and C-termini and 6 transmembrane domains [99]. 
In addition, the majority of TRP members share a conserved sequence called the TRP box (com-
prised of the amino acid sequence: EWKFAR) [99]. TRP monomers form functional ion channels 
as either homotetrameric or heterotetrameric structures [100] (Figure 4).   

The proteins within the TRPV subfamily have been extensively tied to pulmonary health, with 
TRPV1 known to play a role in asthma and cough [101] and TRPV4 associated with numerous 
respiratory diseases including pulmonary hypertension, cystic fibrosis, chronic obstructive pulmo-
nary disease (COPD) [102], and lung fibrosis [103]. Like TRPV1, TRPA1 in tracheal and bronchial 
epithelial cells plays a role in the cough response following exposure to ozone [104], while in 
fibroblasts the channel may serve a protective role against the development of pulmonary fibrosis 
[105]. TRPC1, 4, and 6 are demonstrated mediators of endothelial permeability, possibly via 
RhoA-driven reorganization of the actin cytoskeleton [21,106]. Interestingly, TRP-mediated Ca2+ 
influx has recently been associated with proteolytic ectodomain shedding, raising the possibility 
that TRP activation can lead to downstream cleavage of cadherin proteins and AJ destabilization 
[37]. 
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Figure 4: Basic structure and features of 
TRPV4, TRPV2, and TRPM2 proteins. While all 
three TRP proteins share a core structure of six 
transmembrane domains and form ion channels 
that conduct Ca2+, the proteins can be distin-
guished by their unique domains, including pro-
line-rich domains (PRD), ankyrin repeat domains 
(ARD), TRP-box and NUDT9-H domains, and cal-
modulin (CaM) binding sites. Reactive oxygen 
species (ROS) trigger the production of ADP ri-
bose (ADPR) by poly-ADP ribose polymerase 
(PARP), which can activate TRPM2 by binding to 
the NUDT9-H domain. 

 

 

2.4.1 TRPV4 

The fourth member of the vanilloid TRP family, TRPV4, is ubiquitously expressed throughout the 
body [99,101,107] including in alveolar macrophages and the endo- and epithelial cells of the 
respiratory tract [99,108]. TRPV4 can be activated by numerous stimuli, such as cell swelling, 
shear stress, and low extracelluar pH [109], as well as by a variety of endogenous and exogenous 
ligands, including arachidonic acid and its metabolites [107]. TRPV4’s roles in pulmonary injury 
and disease are both significant and multifaceted. For instance, in mice, TRPV4 has been proven 
to protect against ischemia-reperfusion-associated pulmonary edema [110], while its ablation re-
duced the extent of ventilator-induced pulmonary edema [111]. Although the interplay between 
TRPV4 signaling and altered pulmonary barrier permeability has been a topic of extensive study 
[112], the majority of research into TRPV4’s role in mediating alveolar barrier function has been 
restricted to the endothelial cell layer [101]. The few studies conducted with a focus on the alveolar 
epithelium have reported an acute loss of barrier resistance [113] and increased membrane 
blebbing in alveolar epithelial cells [111] following TRPV4 activation. Therefore, it is likely that 
TRPV4 plays a similar role in mediating alveolar epithelial barrier integrity as in endothelial cells.  

TRPV4’s activation under conditions of low extracellular pH [109] makes the channel a prime 
target in the case of acid-induced ALI. Along this line, in vivo ALI models have demonstrated that 
TRPV4 directly contributes to the inflammation and edema following an intra-tracheal administra-
tion of HCl [75,76]. In addition to reduced inflammatory cytokine levels and edema, TRPV4-defi-
cient mice in these studies showed significantly reduced neutrophil recruitment in the lung paren-
chyma, suggesting that both barrier permeability and neutrophil extravasation were restricted in 
the absence of TRPV4. The mechanistic pathways underlying these observations, however, have 
not been determined.  
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2.4.2 TRPV2 

The expression of TRPV2 is as broad as that of TRPV4, and the two share a highly conserved 
sequence of N-terminal ankyrin-repeats characteristic of the TRPV subfamily [114]. In contrast to 
TRPV4, however, far less is known about the role of TRPV2 in pulmonary function and disease. 
TRPV2 expression has been shown to be increased in an ovalbumin mouse model of asthma 
[115], and macrophages lacking TRPV2 functionality have limited phagocytic [116] and migration 
[117] capabilities. In fact, TRPV2 has been connected with signaling pathways mediating chem-
otaxis and migration in several cell types, including immune cells [118], metastatic cancer cells 
[119,120], and human brain microvascular endothelial cells [121]. TRPV2 shares several activa-
tion conditions with its TRPV family members, including high temperatures (TRPV1) [122], me-
chanical stress (TRPV4) [114] and cannabinoids (TRPV1) [123]. Recently, it was determined that 
TRPV2 can also act as a redox sensor, with ROS-induced oxidation of a methionine residue 
lowering the channel’s threshold for temperature activation to physiological levels [124,125]. 
These findings, paired with TRPV2’s expression in the microvascular endothelium, highlight a 
potential role for TRPV2 in mediating endothelial barrier permeability in response to ROS, such 
as those produced by invading neutrophils in cases of ALI [90].  

2.4.3 TRPM2 

While the exact role of TRPV2 as a redox sensor in the pulmonary microvascular endothelium is 
not well established, the second member of the melastatin TRP subfamily, TRPM2, is known to 
mediate ROS-induced changes in endothelial barrier integrity [126]. TRPM2 is expressed 
throughout the body, including in the brain, heart, and lung, as well as in numerous cell types, 
such as cardiomyocytes, neurons, immune cells, and endothelial cells [78]. At the cellular level, 
TRPM2 is present at both the plasma membrane and the lysosomal membrane [127]. As with 
TRPV2, TRPM2 activation is temperature-dependent, and is reportedly gated by Ca2+ and H2O2 
[78]. Although there are few specific, well-characterized pharmacological activators of TRPM2 at 
present, TRPM2 is known to be endogenously activated by adenosine diphosphate ribose 
(ADPR) [78]. In response to ROS-induced DNA damage, poly-ADPR polymerase (PARP) gener-
ates ADPR, which binds to TRPM2’s C-terminal NUDT9-H domain and activates the channel, 
making TRPM2 an indirect redox-sensitive ion channel [78]. 

TRPM2’s role in ROS-induced endothelial barrier permeability was first discussed in 2008, when 
Hecquet et al. determined that H2O2 exposure caused an acute loss of barrier resistance in human 
pulmonary arterial endothelial cells, and that this effect was reduced in the absence of TRPM2 
functionality [128]. These results were corroborated in 2015, when Mittal et al. found that TRPM2 
mediated VE-cadherin phosphorylation in murine endothelial cells exposed to H2O2 [129]. Addi-
tionally, the authors observed that TRPM2-deficient endothelial cells had reduced migratory ca-
pacities and that TRPM2-deficient mice showed altered angiogenesis in a model of hindlimb is-
chemia and neovascularization [129]. As such, the general consensus is that TRPM2 is, in part, 
responsible for endothelial barrier dysfunction following oxidative stress. However, the underlying 
mechanisms therein and the possible involvement of additional ion channels remain unclear. 

2.5 Impedance-based assays of monolayer barrier integrity 

The function and integrity of the cell barrier can be assessed by a variety of techniques. While 
permeability assays, such as macromolecular tracer assays, can provide basic information re-
garding the rate and extent of perfusion across a monolayer, the invasive nature of these assays 
severely limits their application [130]. Electrical impedance spectroscopy, the measurement of 
the electrical, ohmic resistance of a cellular monolayer, offers a noninvasive alternative for the 
assessment of barrier integrity [131]. While there are currently a variety of devices available for 
the monitoring of electrical cell resistance, all share the general principles of impedance spec-
troscopy. In brief, a frequency of an alternating current (AC) voltage is applied to a cell layer, and 
the resulting amplitude and phase of the AC current is measured, yielding a total impedance value 
[131]. Ohmic resistance measurements of cell monolayers were traditionally taken using 
handheld “chopstick” electrodes spanning a transwell insert, generating values of the transendo-
thelial or transepithelial electrical resistance (TEER) [130]. However, recent developments in non-
invasive real-time electrical impedance measurement devices have allowed for significant ad-
vancement in studies of monolayer barrier properties. Current instruments on the market include 
the cellZscope (nanoAnalytics, Münster, Germany), the xCELLigence (Agilent, Santa Clara, CA, 
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USA), and the electrical cell-substrate impedance sensing (ECIS, Applied Biophysics, Troy, NY, 
USA) systems [132]. 

2.5.1 Electrical cell-substrate impedance sensing (ECIS) 

Electrical cell-substrate impedance sensing (ECIS) offers several advantages over other conven-
tional impedance spectroscopy techniques. A typical ECIS array consists of an 8-well plate with 
40 gold-coated electrodes [133]. ECIS, in comparison to the chopstick method of TEER meas-
urement, minimizes the potential for user error and unintended perturbations of the monolayer. 
Cells are seeded directly upon the ECIS electrodes (Figure 5), allowing for real-time, quantitative 
measurements of cell behavior with a high degree of sensitivity [131], as opposed to the timepoint-
restricted measurement of the chopstick method. Impedance measurements reflect different mon-
olayer properties, depending on the AC frequency applied. Impedance values from relatively high 
AC frequencies, such as those above 32000 Hz, are affected by the degree of confluency and 
coverage on the plate, and therefore are a better indicator of cell growth rates. AC frequencies 
below 4000 Hz, in contrast, are more influenced by changes in the spaces below and between 
cells, and are more suitable for studies on barrier function [133]. An ECIS experiment can be 
performed using a multi-frequency scan, which rotates through a range of AC frequencies from 
62.5 Hz to 64000 Hz [133], allowing for measurements of both electrode coverage and barrier 
integrity. When compared with the xCELLigence and cellZscope devices, the ECIS arrays were 
determined to be the most sensitive, with the capacity to distinguish micromotions (<1 nm) of 
individual cells [132,134]. One limitation of the original ECIS system is the lack of a basolateral 
fluid compartment, which excludes the potential for permeability or transport experiments [131]. 
However, recent developments in ECIS technology will amend this drawback through the incor-
poration of transwell inserts [135]. While the ECIS is compatible with most cell types, ECIS spec-
troscopy is most often applied in studies on endothelial cells [13]. 

 

Figure 5. Principles of ECIS impedance spectroscopy. Cells are plated on gold electrodes, 
and an alternating current (AC) is passed through the cell layer. The monolayer impedance is 
calculated from the resulting electric potential across the electrodes. Impedance values increase 
as the cells grow to confluency, and remain at a plateau while the cell barrier rests at steady-
state. Any treatment-related decreases in cell adhesion and barrier integrity will register as a loss 
of impedance. From [133].  
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2.6 Aims 

As TRPV4 is known to affect endothelial barrier integrity and is expressed in AT1 cells, the first 
aim of this thesis is: 

 To determine the effects of TRPV4 activation on the AT1 cell barrier and 

 To investigate the role of TRPV4 in the alveolar epithelial response to acid-induced ALI. 

The second aim of the thesis turns its focus to the microvascular endothelial barrier of the alveolar 
unit, with the goal to:  

 Validate and investigate the contribution of TRPV2 to endothelial barrier dysfunction fol-
lowing ROS exposure, and 

 Determine if additional redox-sensitive TRP channels, such as TRPM2 and TRPV4, are 
also involved.  
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Abstract: Transient receptor potential vanilloid 4 (TRPV4) channels have been associated with

numerous pulmonary pathologies, including hypertension, asthma, and acute lung injury. However,

their role in the alveolar epithelium remains unclear. We performed impedance-based resistance

measurements in primary differentiated alveolar epithelial type I (AT1) cells from wild-type (WT)

and TRPV4-deficient (TRPV4−/−) C57/BL6J mice to detect changes in AT1 barrier integrity upon

TRPV4 activation. Both pharmacological (GSK1016790A) and a low pH-driven activation of TRPV4

were quantified, and the downstream effects on adherens junctions were assessed through the

Western blotting of epithelial cadherin (E-cadherin) protein levels. Importantly, a drop in pH caused

a rapid decrease in AT1 barrier resistance and increased the formation of a ~35 kDa E-cadherin

C-terminal fragment, with both effects significantly reduced in TRPV4−/− AT1 cells. Similarly, the

pharmacological activation of TRPV4 in AT1 cells triggered an immediate transient loss of barrier

resistance and the formation of the same E-cadherin fragment, which was again diminished by

TRPV4 deficiency. Moreover, TRPV4-mediated E-cadherin cleavage was significantly reduced by

GI254023X, an antagonist of a disintegrin and metalloprotease 10 (ADAM10). Our results confirm

the role of TRPV4 in regulating alveolar epithelial barrier permeability and provide insight into a

novel signaling pathway by which TRPV4-induced Ca2+ influx stimulates metalloprotease-driven

ectodomain shedding.

Keywords: a disintegrin and metalloprotease 10 (ADAM10); electrical cell–substrate impedance

sensing (ECIS); epithelial cadherin (E-cadherin); transient receptor potential vanilloid 4 (TRPV4)

1. Introduction

The alveolar epithelial barrier is crucial for maintaining effective gas exchange and
protecting the lungs from environmental pathogens and toxicants. This barrier consists
primarily of thin alveolar type 1 (AT1) cells, which are responsible for 95% of respiratory
gas exchange, and cuboidal alveolar type 2 (AT2) cells, which produce surfactants and act
as AT1 progenitor cells [1,2]. Due to its delicate yet restrictive nature, the permeability of the
alveolar epithelial barrier is tightly regulated. Disruptions in alveolar barrier integrity can
lead to pulmonary edema, characterized by the accumulation of protein-rich extravascular
fluid in the interstitium and alveoli. Extensive pulmonary edema can develop into acute
respiratory distress syndrome (ARDS), with an approximate mortality rate of 30–40% [3].

The integrity of the alveolar epithelium strongly depends on the intercellular junc-
tions that regulate paracellular permeability. These junctions, including tight junctions
(TJs), adherens junctions (AJs) and desmosomes, also facilitate cell-cell communication and
maintain cell polarity [4]. While TJs are primarily responsible for maintaining a restrictive
paracellular barrier, AJs play integral roles in the formation and regulation of TJs and their
associated proteins [4–7]. Epithelial AJs consist of Ca2+-dependent homotypic adhesions
between the extracellular regions of E-cadherin proteins on neighboring cells [4]. The
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cytoplasmic tail of E-cadherin, like other classical cadherins, is highly conserved and inter-
acts with the actin cytoskeleton through the anchor proteins p120 catenin, β-catenin, and
α-catenin [4,6,8]. The absence of E-cadherin has been associated with hallmarks of altered
barrier integrity, including increased cell proliferation, motility, and invasiveness [5,9–12].

The E-cadherin proteins of AJs undergo constant turnover and are readily ubiquiti-
nated, endocytosed, and returned to the plasma membrane, possibly through a protein
kinase C- and/or Rho-dependent pathway [9,13,14]. However, these proteins are also sus-
ceptible to cleavage by various proteases, resulting in multiple cleavage products that may
possibly trigger downstream signaling cascades. For instance, the intracellular C-terminal
region of E-cadherin can be cleaved by gamma-secretase and caspase, while the extracellu-
lar region is targeted by numerous metalloproteases [8,15–17]. One such metalloprotease,
a disintegrin and metalloprotease 10 (ADAM10), is widely expressed in epithelial tissue
and plays a significant role in cadherin cleavage [15,18]. ADAM10 activation requires intra-
cellular Ca2+ influx, although the exact upstream pathway leading to ADAM10 activation
remains unclear [19].

Recent research suggests that members of the transient receptor potential (TRP) su-
perfamily may initiate the Ca2+ influx necessary for ADAM10 activation [19]. Of the
potential candidates, the fourth member of the vanilloid family (TRPV4) is of particular
interest. TRPV4, like other TRP proteins, has intracellular N- and C-termini and consists of
six transmembrane domains with a pore-forming loop spanning helices 5 and 6 [20–22].
TRPV proteins are identified through their long N-terminal ankyrin repeat domains and
typically form homotetrameric nonselective ion channels [20,23]. TRPV4 channels are
expressed in many organ systems, including the lungs, where they are found in immune
cells, endothelial cells, and epithelial cells of the trachea, bronchi, and alveoli [21,22,24–27].
Functional TRPV4 channel homotetramers are mechano-, pH-, osmo- and thermosensitive,
and are also activated by chemical mediators including phorbol esters and arachidonic acid
metabolites [22,24,28].

The roles of TRPV4 channels in pulmonary injury are complex. On one hand, TRPV4
ablation increased pulmonary edema formation in a model of ischemia-reperfusion, high-
lighting an important function in the chronic expression and regulation of proteins for
the protection of cell barrier integrity ([27] reviewed in [22]). On the other hand, iso-
lated lungs from TRPV4−/− mice developed significantly reduced edema following
ventilation-induced lung damage, most probably due to the absence of these channels in
endothelial cells and their acute activation by mechanical stress [29]. While TRPV4’s role
in inducing pulmonary endothelial barrier permeability is well documented (reviewed
in [20–22,24,25,30,31]), its acute effects on the alveolar epithelial barrier are less understood.
Studies on epithelial cell lines have shown conflicting results. The activation of TRPV4
induced barrier permeability and altered tight junction morphology in a mouse mammary
cell line HC11 [32] and Madin-Darby canine kidney II [33] monolayers. Conversely, in
corneal epithelial RCE1(5T5) cells [34] and keratinocytes [35], TRPV4 activation increased
barrier resistance and upregulated the expression of TJ-associated proteins. Isolated alve-
olar epithelial cells from rats exhibited decreased barrier resistance immediately after
exposure to a specific TRPV4 activator [36]. Observations of TRPV4-mediated blebbing
in endothelial and epithelial cells in the alveoli [29] demand further investigation of the
molecular mechanisms of the AT1 cell-induced loss of cell barrier function by TRPV4-driven
Ca2+ entry.

In addition to its association with fibrosis and pulmonary hypertension (reviewed
in [24,25]), TRPV4 has also been linked to acid-induced acute lung injury (ALI) [30,37].
Acid-induced ALI can occur in cases of occupational exposure, as well as in patients
suffering from gastroesophageal reflux disease (GERD), the latter of which is a known
risk factor for recurrent ALI [38]. Two independent studies in 2014 [30] and 2016 [37]
working with similar murine models of acid-induced ALI found that TRPV4−/− mice
were protected from inflammation and pulmonary edema following intratracheal HCl
instillation, with reduced inflammatory cytokine levels and neutrophil recruitment in the
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lungs. Acid-induced ALI may be in part due to the activity of TRPV4 in immune cells.
In 2010, Hamanaka et al. showed that TRPV4-expressing macrophages could restore the
susceptibility of TRPV4−/− lungs to mechanically induced lung injury [26]. However,
transcriptomic analysis identified only a minimal TRPV4 expression in neutrophils [30],
suggesting TRPV4 may influence neutrophil function and recruitment indirectly, possibly
by controlling AT1 paracellular permeability.

Only a limited number of studies indicate that TRPV4 activation may induce instability
in the alveolar epithelial barrier, similar to its effect on microvascular endothelial cells. To
validate these findings and further explore the underlying mechanisms, we isolated AT1
cells from WT and TRPV4−/− mice and assessed the effects of pH- and agonist-driven
TRPV4 activation on alveolar epithelial barrier integrity through electrical cell–substrate
impedance sensing (ECIS) [39,40]. We determined that TRPV4 activation triggered an
immediate but transient reduction in barrier resistance, accompanied by the ADAM10-
mediated cleavage of E-cadherin.

2. Materials and Methods

2.1. Animals

TRPV4−/− (B6.199X1-Trpv4tm1MSZ from Riken BioResource Research Center RBRC01939,
Ibaraki, Japan) mice were backcrossed 10 times with the C57/BL6J strain. The correct knock-
out of the TRPV4 protein was approved by Western blotting in our recent manuscript [27].
Sex- and age-matched mice between 2 and 4 months of age and wild-type controls from
the same colony were used in all experiments.

2.2. Isolation and Culture of Primary Alveolar Epithelial Cells and In Vitro Differentiation of
AT1 Cells

The isolation of primary alveolar epithelial cells from murine lungs was performed
as previously described [27]. In brief, 3–6 mice were sacrificed via cervical dislocation.
Lungs were transcardially perfused with 20 mL of Dulbecco’s phosphate-buffered saline
(PBS, Merck, Darmstadt, Germany, D8537), inflated intratracheally with 1.5 mL of dispase
solution (Corning, New York, NY, USA, 354235), followed by 400 µL of 1% low gelling
temperature agarose (Merck, A9414) in Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, USA, 41965039). Once the agarose had solidified,
lungs were resected and digested in a 1 mL dispase solution for 45 min at room temperature
(RT). Lung lobes were then manually dissociated in 5 mL HEPES-buffered DMEM with
100 U/mL DNase I (AppliChem, Darmstadt, Germany, A3778). The tissue suspension from
each mouse was pooled and passed through a series of 100 µm, 20 µm, and 10 µm filters
(Sefar, Helden, Switzerland, 3A03-0010-102-00, 3A03-0020-102-10 and 3A03-0100-115-01)
to ensure a dispersed cell suspension. The resulting suspension was then centrifuged
(10 min, 200× g), the media removed, and the pellet resuspended in HEPES-buffered
DMEM. The cell suspension was then plated out on CD16/32- and CD45-coated (BD
Biosciences, Franklin Lakes, NJ, USA, 553142 and 553076) Petri dishes in a negative selection
step for macrophages and lymphocytes. Following a 30 min incubation step at 37 ◦C,
the dishes were washed thrice with HEPES-buffered DMEM, and the nonadherent cells
were transferred to uncoated, tissue culture-treated 10 cm dishes (Sarstedt, Nümbrecht,
Germany, 83.3900.300). After allowing 1 h for fibroblast deposition, the suspension was
carefully removed from all plates and centrifuged (see above settings). The media was
aspirated, and the resulting AT2 cell pellet was resuspended in culture media (HEPES-
buffered DMEM supplemented with 10% FCS, 1% P/S) and seeded according to intended
experimental requirements. Cells were either harvested after 48 h in culture for AT2
immunocytochemistry or allowed to differentiate to AT1 cells over 7 days.

2.3. Indirect Immunocytochemistry

Isolated WT alveolar epithelial cells were seeded on poly-L-lysine-coated 12 mm glass
coverslips. After 48 h or 7 days of culture at 37 ◦C and 5% CO2, cells were washed once with
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cold PBS, fixed in 4% PFA/PBS (15 min, RT), and then washed thrice with cold PBS. Cells
were permeabilized for 10 min at RT in a 0.2% Triton X-100/PBS solution and then washed
4 × 5 min in PBS-T (0.1% Tween20 in PBS). Cells were blocked for 1 h in PBS containing
0.1% Tween20 and 5% BSA, after which they were incubated overnight at 4 ◦C in primary
antibody solutions prepared in blocking buffer (see Supplementary Table S1 for antibodies
and dilutions). The following day, cells were washed (4 × 5 min, PBS-T), incubated for
2 h at RT in secondary antibody solutions, and subsequently washed (4 × 5 min, PBS-T).
All antibodies were diluted in the blocking buffer. Next, nuclei were stained with DAPI
(0.1 mg/L in PBS) for 3 min at RT, after which cells were washed (4 × 5 min, PBS-T).
Coverslips were mounted with PermaFluor mounting medium (Epredia, Kalamazoo, MI,
USA, #TA-030-FM) and kept at 4 ◦C. Confocal images were taken with a Zeiss LSM 880
microscope using the ZEN Black software (2.3 SP1 FP3). Images were processed with FIJI
software (Image J v.1.53c, Wayne Rasband, NIH, Bethesda, MD, USA) [41].

2.4. Ca2+ Imaging

Isolated TRPV4−/− and WT AT2 cells were grown on 24 mm glass coverslips for
7 days. On the day of measurement, differentiated AT1 cells were loaded with 2 µM
Fura-2-AM (Merck, #47989-1MG-F) in Ca2+ buffer (0.1% BSA in HBSS (with Ca2+, Mg2+ and
0.5 M HEPES)) for 25 min at RT. Coverslips were then washed with HEPES/HBSS buffer,
inserted in a quick-change chamber (Warner instruments, Holliston, MA, USA, #64-0367)
with 450 µL HEPES/HBSS, and placed on the 40x oil objective of a Leica DM98 fluorescence
microscope. Any changes in intracellular Ca2+ concentration following TRPV4 activation
(100 nM GSK1016790A, GlaxoSmithKline, Brentford, UK) were recorded at 340 and 380 nm
wavelengths, as described [42].

2.5. Quantification of Alveolar Epithelial Barrier Resistance

Freshly isolated WT and TRPV4−/−AT2 cells were seeded at a density of 2 × 104 cells/well
on electrical cell–substrate impedance sensing (ECIS) plates (Applied Biophysics, Troy, NY,
USA, 8W10E+), which had been treated with 10 mM of L-Cysteine, as per the manufac-
turer’s recommendation. Cells were kept in culture at 37 ◦C and 5% CO2 for 7 days, at
which point barrier integrity experiments were conducted, with resistance measured at
500 Hz using the ECIS ZΦ device (Applied Biophysics).

2.6. SDS-PAGE and Western Blot Analysis

The expression of full-length and degraded E-cadherin protein were evaluated by
Western blot analysis, as previously described [42]. Following treatment, AT1 cells were
lysed in 100 µL of RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet
P40, 0.5% sodium deoxycholate, 1% SDS, 5 mM EDTA) with protease and phosphatase
inhibitors (Roche, Mannheim, Germany, #04906837001, #05892791001) for 30 min on ice and
sonicated for 30 s. Protein concentration was quantified with the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, #23225) according to the manufacturer’s protocol. Prepared
protein samples (5 µg lysate, 1× Laemmli buffer (prepared from 5× stock: 3 mL TRIS/HCl
(2.6 M), pH 6.8; 10 mL glycerin; 2 g SDS; 2 mg bromophenol blue; 5 mL β-mercaptoethanol))
were heated for 10 min at 95 ◦C, then loaded onto an SDS-PAGE gel (4% stacking, 10%
separating). Gel electrophoresis was run for 30 min at 80 V, then at 120 V for 90 min.
Proteins were then transferred from the gel to a Roti®-PVDF membrane (Roth, Karlsruhe,
Germany, #T830.1) in a wet transfer system (BioRad, Feldkirchen, Germany) at 50–60 V for
1.5 h. After the transfer, the membrane was blocked with 5% low-fat milk (Roth, #T145.2)
in TBS-T (0.1% Tween20) for 1 h at RT. All antibodies were diluted in the milk blocking
solution. Membranes were incubated in the primary antibody solutions overnight at 4 ◦C.
The next day, membranes were washed (3 × 10 min, TBS-T) and incubated for 2 h at RT
in peroxidase-conjugated secondary antibody solutions. Chemiluminescence was imaged
following incubation in SuperSignal West Femto or Pico maximum sensitivity substrates
(Life Technologies, Carlsbad, CA, USA, #34095 and #34580), using an Odyssey Fc unit
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(Licor, Lincoln, NE, USA). For antibody information and dilutions, see Supplementary
Table S1.

2.7. Statistical Analysis

Statistical tests were performed using GraphPad Prism 10 software (GraphPad Soft-
ware, San Diego, CA, USA). Significant differences are indicated by asterisks, where
p < 0.05 (*), 0.01 (**), 0.001 (***), and 0.0001 (****).

3. Results

3.1. Differentiation and Characterization of Primary Murine Alveolar Epithelial Type I Cells

In order to assess the effects of TRPV4 activation upon AT1 cells, we first validated
our isolation and differentiation procedure. Freshly isolated murine AT2 cells were fixed
2 and 7 days after isolation and stained for the epithelial markers prosurfactant protein
C (pSPC) and aquaporin-5 (AQP5), which are specifically expressed by AT2 and AT1
cells, respectively (Figure 1) [43]. The process of AT2-to-AT1 differentiation was clearly
delineated, with the 2-day epithelial cells staining positive for pSPC and negative for
AQP5, and the 7-day epithelial cells only showing positive staining for AQP5. These results
confirm that our isolation protocol yields a small population of AT2 cells, which differentiate
into a confluent monolayer of AT1 cells within 7 days, as previously described [27].
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Figure 1. Differentiation and characterization of isolated primary murine alveolar epithelial type I

(AT1) cells. Alveolar epithelial cells were fixed 2 (day 2) and 7 days (day 7) after isolation and stained

for the AT2 and AT1 markers prosurfactant protein C (pSPC) and aquaporin 5 (AQP5), respectively.

Nuclei staining was performed with DAPI dye (DAPI). Scale bar: 50 µm.

3.2. TRPV4 Mediates Acid-Induced Alveolar Epithelial Barrier Dysfunction

As TRPV4 is known to be activated under acidic conditions, we tested the effect of
HCl application on isolated AT1 cells to represent acid-induced ALI. We obtained real-
time quantitative measurements of AT1 barrier integrity through electrical cell-substrate
impedance sensing (ECIS). A drop in media pH from 7.5 to 4.5 induced a rapid decrease
in AT1 barrier resistance in WT cells (Figure 2A). Although TRPV4−/− AT1 cells also
experienced a drop in resistance, it was less pronounced than in WT AT1 cells. The differ-
ence between genotypes became apparent as soon as 10 min after exposure, with a barrier
resistance of only 12% ± 3.5% in WT AT1 cells, which was significantly decreased compared
to TRPV4−/− cells (Figure 2B). Along this line, the drop in pH had a strong impact on the
AT1 monolayer and affected cell–matrix adhesion, as well as cell–cell junctions, as indicated
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by changes in the monolayer capacitance. AT1 monolayers of both genotypes showed a
noticeable increase in capacitance upon media acidification, although the increase was only
significant in WT cells (Figure S1A,B). At the protein level, HCl exposure resulted in an
increased formation of a ~35 kDa C-terminal fragment (CTF) of E-cadherin (Figure 2C). The
amount of this CTF was increased in all HCl-treated samples but was more pronounced
in lysates from WT AT1 cells. Quantification revealed that the amount of E-cadherin CTF
generated in WT HCl-treated cells was significantly larger than in the respective control
samples and HCl-treated TRPV4−/− cells (Figure 2D). HCl exposure did not significantly
alter the levels of full-length E-cadherin in any genotype (Figure S2A).
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Figure 2. Changes in normalized electrical cell resistance (A,B) and expression/proteolyis of E-

cadherin (C,D) of wild-type (WT) and TRPV4−/− AT1 cells. Cell resistance was recorded at 500 Hz

for 1 h following an HCl-induced drop in media pH (A) and normalized monolayer resistance

values 10 min after exposure were quantified (B). Cells from the same isolations and treatment

conditions were lysed after 1 h of exposure, levels of E-cadherin and E-cadherin CTF were assessed by

Western blotting (C) (see original blot in Figure S2B,C), and the results of the latter were summarized

(D). Data are presented as mean ± SD (B,D) from 3 independent cell isolations of 6 mice each

(n = 3). Significance between means was analyzed using a two-way ANOVA; * p < 0.05, ** p < 0.01,

*** p < 0.001.

3.3. Pharmacological Activation of TRPV4 Induces a Rapid Transient Drop in Barrier Resistance

To better explore the mechanisms underlying TRPV4-mediated AT1 barrier dysfunc-
tion, we applied characterized pharmacological modulators of TRPV4. We tested a specific
TRPV4 activator, GSK1016790A, with an EC50 of 5 nM (GSK101, Tocris, #6433 [44]), on
differentiated AT1 cells using Ca2+ imaging, along with the TRPV4 inhibitor GSK2193874,
with an IC50 of 2–40 nM (GSK219, Tocris, #5106 [45]). The application of GSK101 in WT
AT1 cells resulted in a transient increase in intracellular Ca2+ ([Ca2+]i), which was absent in
WT AT1 cells pre- and co-treated with GSK219 (Figure 3A). In TRPV4−/− AT1 cells, the
application of GSK101 had no effect on [Ca2+]i (Figure 3B).
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Figure 3. Intracellular Ca2+ concentration ([Ca2+]i) (A,B) and cell barrier function (C,D) of AT1

cells after activation (GSK1016790A (GSK101)) and inhibition (GSK2193874 (GSK219)) of TRPV4

channels. [Ca2+]i was quantified in primary differentiated AT1 cells from WT (A) and TRPV4−/−

mice (B) upon application of a specific TRPV4 activator (GSK101, 100 nM) in the presence and

absence of a specific TRPV4 blocker (GSK219, 300 nM). One representative experiment (n = 10 cells,

mean ± SD) out of three independent isolations is shown. Changes in electrical cell resistance

(normalized to baseline levels) were recorded with an ECIS device at 500 Hz for WT and TRPV4−/−

AT1 cells upon application of GSK101 (100 nM) in the presence and absence of GSK219 (300 nM) for

90 min (C). Data represent mean values from 3 independent cell isolations of 6 mice each (n = 3). The

normalized electrical cell resistance for WT treatment groups 15 min after exposure was quantified

(D). Data represent mean ± SD, and significance between means was analyzed with a one-way

ANOVA; *** p < 0.001, **** p < 0.0001.

With the specificity of GSK101 in AT1 cells confirmed, we next examined the effect
of TRPV4 activation upon AT1 barrier integrity. Dose–response ECIS experiments estab-
lished that 100 nM GSK101 was the optimal concentration for TRPV4-driven AT1 barrier
disruption, as the effect plateaued at higher concentrations (up to 3 µM, Figure S3). The
activation of TRPV4 resulted in a transient drop in barrier resistance in WT AT1 cells, peak-
ing approximately 15 min after GSK101 application and recovering to baseline levels after
90 min (Figure 3C). In line with our previous results on TRPV4-induced [Ca2+]i, GSK101
had no effect on AT1 cell permeability after pre- and co-treatment with GSK219, nor in
TRPV4−/− cells. The quantification of the barrier function 15 min after GSK101 exposure
revealed that the 13% ± 2.7% loss of cell resistance in WT AT1 cells was significantly larger
than in untreated controls and GSK219-treated WT cells (Figure 3D). Similarly, the loss in
barrier integrity upon GSK101 exposure in WT AT1 cells was significantly larger than in
TRPV4−/− AT1 cells (Figure S4A). In all ECIS experiments, the capacitance of the AT1
monolayer remained constant, indicating that the observed changes in resistance were due
to altered cell–cell junction integrity and not cell-substrate detachment (Figure S4B).

3.4. TRPV4 Activation Triggers an ADAM10-Mediated Cleavage of E-Cadherin

The drop in AT1 cell barrier resistance following TRPV4 activation suggested a loss in
paracellular junction integrity. One possible explanation for this sudden drop in resistance
might be a TRPV4-driven activation of one or more metalloproteinases, causing a rapid
shedding of the AT1 protein ectodomain [19]. Through a Western blot protein analysis, we
identified an increased presence of a ~35 kDa E-cadherin CTF 15 min after treatment with
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GSK101 (Figure 4A). This CTF was detected in far lower quantities in samples pre- and
co-treated with GSK219 and was absent in TRPV4−/− AT1 cells. As E-cadherin is a known
substrate of ADAM10 [18], we also assessed whether treatment with an ADAM10 inhibitor,
GI254023X, with an IC50 of 5.3 nM (GI254, Tocris, #3995 [46]), would limit the TRPV4-
driven formation of this CTF. Western blot quantification confirmed that the significant
increase in the E-cadherin CTF formation upon GSK101 application in WT AT1 cells
was entirely dependent on TRPV4, as pre- and co-incubation with GSK219 maintained
E-cadherin CTF levels equal to those in untreated controls (Figure 4A,B). Additionally,
ADAM10 inhibition through GI254 partially but significantly reduced the GSK101-driven
formation of the E-cadherin CTF (Figure 4A,B). In TRPV4−/− AT1 cells, Western blot
quantification revealed no significant change in E-cadherin CTF formation after GSK101
exposure (Figure S5A). Additionally, in all treatment groups and genotypes, the effect
of TRPV4 activation on the expression of full-length E-cadherin protein levels was not
significantly different (Figure S5B,C).
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Figure 4. Quantification of E-cadherin and E-cadherin C-terminal fragment (CTF) by Western blotting

of protein lysates from primary differentiated AT1 cells isolated from wild-type (WT) and TRPV4-

deficient (TRPV4−/−) mice (A,B). Representative Western blot showing levels of E-cadherin and

E-cadherin CTF in WT and TRPV4−/− AT1 cells 15 min after application of GSK101 (100 nM) in the

presence and absence of either GSK219 (300 nM) or an ADAM10 inhibitor GI254023X (GI254 3 µM)

(A) (see original blot in Figure S5D–F). Changes in the levels of E-cadherin CTF in WT AT1 cells were

quantified 15 min after exposure to the indicated compounds (B). Data represent mean ± SD (B) from

at least 4 independent cell isolations from 3 to 5 mice, each (n = 4–6). Significance between means

was analyzed with one-way ANOVA; * p < 0.05, **** p < 0.0001.

4. Discussion

TRPV4 is a well-recognized mediator of lung function and has also been implicated
in various pulmonary disease states, including fibrosis, inflammation, and pulmonary
edema formation [22,24,25,27,47]. Numerous studies in endothelial cells and pulmonary
arterial smooth muscle cells have demonstrated that TRPV4 activation increases monolayer
permeability through mechanisms such as the downregulation of TJ-associated genes,
the contraction of actin–myosin rings, the disorganization of F-actin, and the loss of cell–
matrix adhesion [20,25,32,48,49]. However, the role of TRPV4 in alveolar epithelial barrier
function and integrity is still elusive. Through real-time impedance measurements and
protein analysis of isolated differentiated murine AT1 cells, we confirmed that TRPV4
activation induces a rapid transient drop in AT1 barrier resistance. Here, we showed
for the first time that TRPV4 activation in primary AT1 cells destabilizes AJs through
an ADAM10-mediated extracellular cleavage of E-cadherin. Additionally, we found that
TRPV4 mediates AT1 barrier dysfunction in a model of acid-induced ALI, suggesting that
TRPV4-driven disruption of paracellular barrier integrity might occur, irrespective of the
initial stimulus.
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We began by assessing the role of TRPV4 in a clinically relevant context. Patch clamp
electrophysiology performed in Chinese hamster ovary (CHO) cells demonstrated that
TRPV4 responds significantly to low pH [28]. As the pH necessary to open the channel
is lower than physiological levels in most compartments, the pH activation of TRPV4 is
mainly relevant in conditions of acid-induced ALI, as occurs through occupational exposure
or in patients suffering from gastroesophageal reflux disease (GERD) [50]. Consistent
with in vivo results from previous studies [30,37], we observed that TRPV4 deficiency
reduces the effects of low pH on AT1 barrier integrity. Both the HCl-induced drop in
barrier resistance and the accompanying degradation of E-cadherin were significantly
increased in WT AT1 cells compared to those from TRPV4−/− mice. Thus, by facilitating
barrier permeabilization, TRPV4 in alveolar epithelial cells may also support the neutrophil
recruitment observed in whole lungs following HCl instillation [30,37].

Our ECIS experiments in WT AT1 cells revealed that unlike HCl exposure, the drop in
barrier resistance following the application of the specific TRPV4 activator GSK101 was
transient, with a return to baseline resistance within 90 min of exposure. This discrepancy
may be due to the caustic effects of the acidic media. Studies in the human alveolar cell line
A549 have demonstrated that incubation with low-pH media suppresses cell proliferation
rates [51] and induces significant persistent reductions in barrier resistance [52]. Few
studies have assessed GSK101-driven changes in epithelial barrier resistance, showing
varying results. Martinez-Rendon et al., in 2016, found that GSK101 treatment led to a
gradual increase in the transepithelial resistance (TER) of corneal epithelial cells from the
RCE1(5T5) cell line [34]. However, these results reflect measurements taken hours after
GSK101 application, while we and others have shown that dynamic changes in barrier
resistance occur within the first 30 min of TRPV4 activation in primary differentiated AT1
cells [36,53].

While the inhibitory effects of GSK219 pretreatment on GSK101-induced TRPV4
activity (Figure 3A), the loss of AT1 barrier resistance (Figure 3C,D), and E-cadherin
degradation (Figure 4) were very effective, we are also aware that two other TRPV4
inhibitors applied after HCl incorporation that were able to suppress acute lung injury
in vivo [30]. Whether GSK219 is similarly effective in post-exposure treatments needs to be
explored.

Our results also give some insight into the downstream mechanisms underlying
TRPV4-induced AT1 barrier dysfunction. As with our model of acid-induced ALI, GSK101
application increased the formation of a ~35 kDa C-terminal fragment of E-cadherin, de-
tected as early as 15 min after exposure, at the point of greatest loss of barrier resistance. The
formation of this fragment was TRPV4 specific, as its levels did not increase in TRPV4−/−
AT1 cells or cells treated with the specific TRPV4 antagonist GSK219. The size of this
fragment indicates an extracellular metalloprotease cleavage event. A recent study by
Tatsumi et al. proposed that TRP-induced Ca2+ influx could activate certain ADAM pro-
teins, including ADAM10 and ADAM17, by the Ca2+ sensitive protein ANO6 [54], leading
to the ectodomain shedding of their respective ligands [19]. Although mechanistic con-
nections between TRPV4 and the matrix metalloproteases MMP2 and MMP9 have been
reported [55], a physiological relationship between TRPV4 channels and ADAM10 had not
yet been identified [19]. Using an ADAM10-specific antagonist, we showed that TRPV4-
driven E-cadherin cleavage in AT1 cells is partially mediated by ADAM10 (Figure 5). As
it is likely that additional MMPs and ADAM proteins are activated by TRPV4-induced
Ca2+ influx, future experiments characterizing the resulting ectodomain cleavage would be
beneficial to determine to what extent TRPV4-induced cell detachment is dependent on
protease activity.
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Figure 5. Schematic describing a possible interaction between TRPV4 and ADAM10, resulting in

ectodomain shedding of E-cadherin in AT1 cells (modified from [19]). See text for more details.

Altered alveolar epithelial barrier integrity can often lead to the development of
pulmonary edema, which can progress to acute respiratory distress syndrome (ARDS)
Matthay, Zemans, Zimmerman, Arabi, Beitler, Mercat, Herridge, Randolph and Calfee [3].
It is possible, however, that increased barrier permeability could be physiologically benefi-
cial. Edema fluid could dilute inflammatory mediators, neutralize an acidic environment,
or carry pathogen-combating neutrophils. Along this line, there is strong biological sup-
port for a mechanism by which TRPV4 at the plasma membrane of AT1 cells facilitates
neutrophil transmigration. E-cadherin and TRPV4 show similar staining patterns at the
plasma membrane in various epithelial cell types [32], with immunoprecipitation pulldown
experiments revealing a molecular connection between TRPV4 and α-catenin, β-catenin,
and E-cadherin [56]. Epithelial TRPV4 is localized to the basolateral membrane, which
comprises the alveolar septal wall [29,32]. Neutrophil adhesion to the alveolar epithelium is
restricted to the basolateral side, with eventual transmigration across the epithelial barrier
limited to the paracellular route [57]. TRPV4’s localization to the basolateral membrane,
paired with its colocalization with E-cadherin, would allow targeted Ca2+ influx at sites
requiring AJ weakening. The transient drop in AT1 barrier resistance upon GSK101 appli-
cation indicates that the barrier disruption induced by TRPV4 activity is quickly resolved.
Therefore, the TRPV4-ADAM10-E-cadherin cleavage may facilitate efficient regulated
neutrophil transmigration.

In addition to the alveolar epithelium, the alveolar barrier also includes the microvas-
cular endothelium. Our ECIS measurements in WT AT1 cells are consistent with those
previously performed in human lung microvascular endothelial cells, characterized by a
~10–20% drop in barrier resistance within 15 min of GSK101 application and a return to
baseline resistance within 3 h [53]. Although a pathway involving TRPV4 and vascular
endothelial cadherin (VE-cadherin) cleavage has not yet been investigated, it is possible that
metalloprotease activity occurs downstream of TRPV4. Activation occurs in endothelial
cells as well, further supporting neutrophil transmigration from the microvasculature to
the alveolar epithelium.
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5. Conclusions

In summary, our study highlights the significant role of TRPV4 in regulating alveolar
epithelial barrier integrity. We confirmed that TRPV4 is involved in acid-induced lung
injury, as channel activation under conditions of low pH triggered an immediate drop
in AT1 barrier resistance with a destabilization of AJ proteins. These observations were
corroborated using specific agonists and antagonists of TRPV4. In addition, we discovered
a novel mechanism by which TRPV4 activation affects AT1 cell junctions, namely through
the ADAM10-mediated cleavage of E-cadherin. These insights into the TRPV4-ADAM10-
E-cadherin pathway may be confirmed in an ex vivo lung model in the future [58] and
provide a basis for further research into targeted therapies for pulmonary diseases involving
epithelial barrier dysfunction.
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Table S1: Antibodies used for cell isolation, Western blotting and immunocytochemistry 

Primary antibodies Supplier Cat. # / RRID Dilution 

E-Cadherin (mo pAb) BD Biosciences 610181 / AB_397580 WB: 1:1000 

Β-actin-HRP (mo pAb) Merck A3854 / AB_262011 WB: 1:10000 

Aquaporin 5 (AQP5) (rb pAb) Alomone Labs AQP005 / AB_2039736 ICC: 1:200 

Prosurfactant protein C (pSPC) 

(rb pAb) 

Merck AB3786 / AB_91588 ICC: 1:200 

CD16/CD32 BD Pharmingen 553142 / AB_394656 Iso: 1:666 

CD45 BD Pharmingen 553076 / AB_394606 Iso: 1:666 

 

Secondary antibodies Supplier Cat. # / RRID Dilution 

Mouse-HRP Cell Signaling 7076 / AB_330924 WB: 1:10000 

Rabbit Alexa Fluor 488 ThermoFisher Scientific A32731 / AB_2633280 ICC: 1:250 
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Figure S1: Low pH induces TRPV4-mediated changes in cell adhesion. (A) Capacitance values for WT and 

TRPV4-/- AT1 cells upon an HCl-induced change in media pH were recorded using an ECIS system at 500 

Hz. Capacitance values 10 minutes after media change (pH 7.5 or pH 4.5) were quantified (B). Data 

represent the mean ± SD (B) of 3 independent cell preparations from 6 mice each. Significance was 

assessed using a two-way ANOVA. * p < 0.05, ** p < 0.01
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Figure S2: Low pH does not significantly change E-cadherin protein expression in AT1 cells. 

Quantification of Western blot results for E-cadherin protein expression in AT1 cells 1 h after a change in 

media pH. Data represent the mean ± SD of 3 independent cell preparations from 6 mice each. 

Significance was assessed using a two-way ANOVA. 
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Figure S3: Loss of AT1 cell resistance upon GSK101 application plateaus at 100 nM concentration. 

Changes in normalized electrical cell resistance were recorded at 500 Hz in WT AT1 cells upon application 

of increasing concentrations of GSK101. Data represent the results from one cell preparation of 5 mice. 
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Figure S4: GSK101-induced loss of AT1 barrier resistance is TRPV4-dependant, and does not cause cell 

detachment. (A) The normalized electrical cell resistance for WT and Trpv4-/- AT1 cells 15 minutes after 

GSK101 (100 nM) exposure was quantified. (B) Mean capacitance values for WT and Trpv4-/- AT1 cells 

upon application of GSK101 (100 nM) in the presence and absence of GSK219 (300 nM) were recorded 

using an ECIS system at 500 Hz. Data represent mean ± SD (A) from 3 independent cell isolations from 5 

mice each. Significance between means was analyzed with a two-way ANOVA; * p < 0.05, ** p < 0.01. 
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Figure S5: GSK101 exposure triggers TRPV4-dependent formation of an E-cadherin CTF, but does not 

significantly change the protein expression of E-cadherin. Quantification of Western blot results for the 

level of E-cadherin CTF (A) and E-cadherin (B) in WT and Trpv4-/- AT1 cells 15 minutes after the addition 

of GSK101 (100 nM). (C) Quantification of Western blot results for E-cadherin protein expression levels in 

WT AT1 cells 15 minutes following the addition of GSK101 (100 nM) in theh presence and absence of 

either the TRPV4 inhibitor GSK219 (300 nM) or the ADAM10 inhibitor GI254 (3 µM). Data represent the 

mean ± SD from at least 3 independent cell preparations from 3-5 mice, each. Significance was assessed 

using two-way (A, B) and one-way (C) ANOVA; ** p < 0.01. 
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TRPV2 channels facilitate pulmonary endothelial barrier recovery after 
ROS-induced permeability
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A B S T R A C T

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), are known signaling molecules that increase 
endothelial barrier permeability. In this study, we investigated the roles of redox-sensitive transient receptor 
potential (TRP) ion channels, TRPM2, TRPV2 and TRPV4, in H2O2-induced endothelial barrier dysfunction. 
Using primary human pulmonary microvascular endothelial cells (HPMEC), we employed impedance-based 
resistance measurements, Western blot, and immuno8uorescence staining to assess the effects of H2O2 on the 
endothelial barrier. Exposure to sublytic concentrations of H2O2 caused an acute loss of endothelial barrier 
integrity, accompanied by the cleavage of vascular endothelial cadherin (VE-cadherin), which was also apparent 
after application of the TRPV2 activator cannabidiol. The inhibition of either TRPV2 with tranilast or a dis-
integrin and metalloprotease domain-containing protein 10 (ADAM10) with GI254023X signi<cantly reduced 
H2O2-induced VE-cadherin cleavage, while TRPM2 inhibition by econazole signi<cantly increased H2O2-driven 
VE-cadherin cleavage and blockage of TRPV4 showed no effect. Although inhibition of either TRPV2 or ADAM10 
did not prevent the initial loss of barrier resistance upon H2O2 exposure, both were essential for the subsequent 
recovery of barrier integrity. Time-course immuno8uorescence stainings revealed that HPMEC barrier recovery 
involved a transient localization of N-cadherin proteins at adherens junctions. This process of cadherin-switching 
did not occur upon inhibition of TRPV2 or ADAM10. Our results highlight a novel role for TRPV2 as a redox 
sensitive ion channels in the microvascular endothelium and provide insight into the mechanisms underlying 
pulmonary microvascular endothelial barrier recovery.

1. Introduction

The barrier formed by the pulmonary microvasculature is constitu-
tively restrictive, preventing both pathogen in<ltration and edema for-
mation while facilitating the exchange of gases and nutrients between 
the bloodstream and surrounding tissue [1,2]. While a transient increase 
in permeability supports biological functions such as wound repair, 
angiogenesis and immune cell traf<cking [3,4], prolonged or extensive 
permeability can result in pulmonary edema, acute respiratory distress 
syndrome (ARDS) [5] and atherosclerosis [6].

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), 
are known effectors of altered endothelial barrier function [7–10]. ROS 
can arise from exogenous triggers, including infection, ionizing radia-
tion or toxicants, but also occur naturally in the body, such as during 
mitochondrial respiration [11,12]. The concept of an “oxidative win-
dow” describes the optimal range of ROS levels that facilitate cellular 

processes such as neovascularization, cell proliferation and wound 
healing [7,8,13]. Deviations from this balance, resulting in oxidative or 
reductive stress, lead to cellular dysfunction [8].

Adherens junctions (AJs), comprised of Ca2+-dependent, homotypic 
adhesions between the vascular endothelial cadherin (VE-cadherin) 
proteins of neighboring cells, are essential components of the endothe-
lial barrier [3,14]. While the formation of AJs depends on extracellular 
Ca2+, an increase in intracellular Ca2+ can induce endothelial barrier 
permeability [3,15]. Members of the Transient Receptor Potential (TRP) 
superfamily form nonselective cation channels that conduct Ca2+, and 
several TRP channels have been implicated in Ca2+-induced barrier 
dysfunction [3]. It has been reported that TRP-induced Ca2+ in8ux could 
activate a disintegrin and metalloprotease domain-containing protein 
10 (ADAM10) [16], a metalloprotease known to cleave VE-cadherin at 
its extracellular domain [17]. However, a ROS-driven, ADAM10-me-
diated cleavage of VE-cadherin has yet to be reported in pulmonary 
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microvascular endothelial cells.
TRPM2 is a recognized mediator of ROS-induced Ca2+ in8ux. 

Expressed in the brain, immune cells, and vasculature, TRPM2 forms a 
tetrameric, nonselective ion channel that conducts Ca2+ and is gated by 
adenosine diphosphate ribose (ADPR) [18–21], which is generated as a 
result of ROS-induced DNA damage [18,19]. While TRPM2 is a known 
modulator of pulmonary endothelial barrier permeability, its knock-
down does not completely abolish endothelial Ca2+ in8ux following 
ROS exposure, suggesting the involvement of additional redox-sensitive 
Ca2+ channels [9,22].

The second member of the vanilloid TRP subfamily, TRPV2, is a 
potential candidate for the unde<ned source of ROS-induced pulmonary 
endothelial Ca2+ in8ux. Originally associated with mechanoreception 
[23], TRPV2 also operates as a redox-sensitive ion channel [24,25], and 
is highly expressed in the microvascular endothelium in relation to other 
redox-sensitive TRP channels, including TRPM2 and TRPV4 [26]. While 
TRPV2 has been linked to changes in blood-brain barrier integrity [27], 
there is no evidence to date linking the channel to altered pulmonary 
microvascular endothelial barrier function [28].

Here, we applied pharmacological inhibitors to investigate the role 
of TRPM2 and TRPV2 in H2O2-induced pulmonary endothelial barrier 
dysfunction. Neither channel was responsible for the initial loss of bar-
rier resistance, but both channels facilitated the subsequent recovery of 
barrier integrity. In this model, TRPV2 mediated AJ integrity by 
inducing ADAM10-driven VE-cadherin cleavage, which was further 
increased upon TRPM2 inhibition. Endothelial barrier recovery was 
characterized by the translocation of neural cadherin (N-cadherin) to 
the plasma membrane, suggesting a role for TRP-mediated cadherin 
switching in the restoration of endothelial barrier function following 
ROS-induced permeability.

2. Methods

2.1. Cells

Primary human pulmonary microvascular endothelial cells 
(HPMECs) [29] from healthy donors were obtained from Promocell 
(Heidelberg, Germany, #C-12281) and cultured in endothelial cell 
growth medium MV (Promocell, #C-22020) at 37 ◦C and 5 % CO2, and 
were kept until passage 12. Donor information is provided in Supp. 
Table S1. Relevant ethical statements were provided by Promocell. For 
experiments involving pharmacological inhibition, HPMECs were 
pre-incubated for 1 h in DMEM containing the respective inhibitor(s), 
which were also present during the subsequent exposure period.

2.2. Quanti4cation of endothelial barrier resistance

HPMECs were seeded onto electrical cell-substrate impedance 
sensing (ECIS) plates at a density of 8 × 104 cells/well (Applied 
Biophysics, Troy, NY, USA, 8W10E+), which had been treated with 10 
mM of L-Cysteine according to the manufacturer’s recommendation. 
HPMEC barrier resistance was measured at 4000 Hz using the ECIS ZΦ 

device (Applied Biophysics), and experiments were conducted once the 
monolayer resistance had reached a constant state (after ~48 h).

3. Results

3.1. H2O2 exposure at non-cytolytic concentrations increases HPMEC 
barrier permeability, triggers ADAM10-dependent VE-cadherin cleavage, 
and induces TRP-mediated Ca2+ ;ux

Using H2O2 to mimic ROS production in response to infection, ra-
diation or other toxicants, we monitored changes in barrier resistance of 
human pulmonary microvascular endothelial cells (HPMEC). While 
H2O2 exposure did not exert detectable cytolytic effects after 2 h (Supp. 
Fig. S1), changes in HPMEC barrier resistance were observed within 5 

min of exposure (Fig. 1A). 15 min post H2O2 addition, mean HPMEC 
barrier resistance dropped to 45 % ± 11 % and 47 % ± 14 % of the 
control in cells treated with 75 μM and 300 μM H2O2, respectively, with 
recovery noted only in HPMECs treated with 75 μM H2O2 (quanti<ed in 
Fig. 1B). Additionally, Western blot analysis revealed that H2O2 expo-
sure caused the formation of a single ~35 kDa VE-cadherin C-terminal 
fragment (CTF) (Fig. 1C, Supp. Fig. S1B), the formation of which was 
prevented by the addition of the speci<c ADAM10 inhibitor GI254023X 
[30] (GI254, see Supp. Table S2 for IC50 values) (Fig. 1C, quanti<ed in 
D). Cell fractionation through surface biotinylation revealed that this 
CTF was present as early as 15 min after exposure, and was detected at 
both the plasma membrane and the intracellular space (Supp. Fig. 1C). 
As ADAM10 is activated upon Ca2+ in8ux, we <rst turned our attention 
to two redox-sensitive TRP channels, TRPM2 and TRPV2. Quantitative 
rt-PCR con<rmed that both genes were transcribed in HPMECs (Supp. 
Fig. S1D), and both proteins were detected in cell lysates via Western 
blot (Supp. Fig. S1E and F). Ca2+ imaging experiments revealed that the 
increase of intracellular Ca2+ ([Ca2+]i) upon H2O2 exposure was 
dependent on both channels (Fig. 1E and F).

3.2. TRPV2 mediates ADAM10-driven VE-cadherin shedding upon H2O2 
exposure

Having demonstrated that H2O2 exposure triggers TRP-dependent 
Ca2+ in8ux, we next investigated the speci<c contributions of TRPV2 
and TRPM2 to the associated VE-cadherin cleavage. HPMECs pretreated 
with the TRPV2 inhibitor tranilast [31] had signi<cantly reduced 
H2O2-driven, ADAM10-mediated cleavage of VE-cadherin (Fig. 2A) 
when quanti<ed (Fig. 2B). These results were corroborated using the 
alternate TRPV2 inhibitor valdecoxib [32] (Supp. Fig. S2A and B), as 
well as through siRNA-mediated TRPV2 knockdown (Supp. Fig. S2C and 
D). The TRPV2/ADAM10/VE-cadherin cleavage pathway was further 
con<rmed with the TRPV2 activator, cannabidiol (CBD) [27] (Fig. 2C, 
quanti<ed in D). Notably, while gene transcripts of the redox-sensitive 
TRPV4 channel were also detected in HPMECs (Supp. Fig. S1D), pre-
treatment with the speci<c TRPV4 inhibitor GSK2193874 [33] had no 
effect on the degree of H2O2–induced VE-cadherin CTF formation (Supp. 
Fig. S2E and F).

In contrast to TRPV2, we observed that the H2O2-induced VE- 
cadherin cleavage was more potent in the absence of TRPM2 function-
ality, as VE-cadherin CTF levels increased tenfold in HPMECs pretreated 
with the TRPM2 inhibitor econazole [34] (Fig. 2E, quanti<ed in F). This 
<nding was corroborated using the alternate TRPM2 inhibitor 
JNJ-28583113 [35] (Supp. Fig. S3A and B), as well as through 
siRNA-mediated TRPM2 knockdown (Supp. Fig. S3C and D). We 
observed that ADAM10 inhibition completely abolished H2O2-induced 
VE-cadherin CTF formation in econazole-treated HPMECs (Fig. 2G, 
quanti<ed in H), suggesting that the absence of TRPM2 functionality 
exacerbates the TRPV2/ADAM10/VE-cadherin cleavage pathway. 
Further experiments into an underlying mechanism did not indicate 
direct involvement of TRPM2 in AJ destabilization, as H2O2-induced 
dephosphorylation of VE-cadherin was not altered in the presence of 
econazole (Supp. Fig. S3E and F). However, assays with the 8uorigenic 
ROS probe H2DCFDA revealed that TRPM2 inhibition increased baseline 
intracellular ROS levels by 16.2 % ± 4.3 % relative to DMSO controls 
(Supp. Fig. S3G) within 30 min.

3.3. Recovery of HPMEC barrier integrity requires TRPV2 and TRPM2 
functionality

We next assessed whether inhibition of TRPV2 and TRPM2 channels 
would in8uence the HPMEC barrier response to H2O2. The protective 
effect of TRPM2 on VE-cadherin cleavage was also evident in our mea-
surements of barrier resistance, as application of the TRPM2 inhibitor 
econazole prior to the addition of 75 μM H2O2 signi<cantly impaired 
HPMEC barrier recovery (Fig. 3A), with resistance values dropping to 
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33 % ± 23 % of control values after 90 min of treatment (Fig. 3B). In 
addition to TRPM2, the TRPV2/ADAM10 axis was also necessary for 
HPMEC barrier recovery. HPMECs exposed to 75 μM H2O2 experienced 
signi<cantly reduced recovery when pretreated with tranilast (Fig. 3C, 
quanti<ed in Fig. 3D) or GI254023X (Fig. 3E, quanti<ed in 3F).

3.4. TRPV2 facilitates HPMEC barrier recovery through “cadherin 
switching”

TRPV2-driven VE-cadherin cleavage could facilitate HPMEC barrier 
recovery by destabilizing AJs and enabling the translocation of neural 
cadherin (N-cadherin) to the plasma membrane, promoting wound 
healing. A time-course series of immuno8uorescence stainings (Fig. 4A) 

Fig. 1. H2O2 induces HPMEC barrier instability and ADAM10-dependent VE-cadherin cleavage. Changes in HPMEC electrical resistance (normalized to 
baseline levels) were recorded with an ECIS device at 4000 Hz upon application of H2O2 (75 μM, 300 μM) (A). The normalized resistance values 15 and 90 min after 
exposure were quanti<ed (B). Representative Western blot (from one donor, 3 technical replicates) of the full length (FL) and C-terminal fragment (CTF) levels of VE- 
cadherin protein in HPMECs 2 h after H2O2 exposure (300 μM) in the presence and absence of the ADAM10 inhibitor GI254023X (GI254, 3 μM) (C). β-actin was 
probed as a loading control. Normalized levels of VE-Cadherin CTF from these Western blots were quanti<ed (D). Data re8ect the mean (A, B, D) + SD (B, D) from 3 
independent donors (n = 3). (E) Mean ΔF/F0 traces of HPMEC monolayer Ca2+ in8ux following H2O2 exposure (300 μM) in the presence and absence of the TRPM2 
and TRPV2 inhibitors, econazole (10 μM) and tranilast (50 μM). Data represent the mean ± SD from one experiment, 35–50 cells/treatment group. This experiment 
was performed three times in HPMECs from a single donor at different passage numbers (n = 3), and the area under the curve (AUC) of each mean ΔF/F0 Ca2+ trace 
was quanti<ed (E), with bars re8ecting the mean + SEM. Normality of data was con<rmed using the Shapiro-Wilk test, and signi<cance between means was analyzed 
using two- or one-way ANOVA and Tukey post hoc tests (B, D, E); *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. TRPV2 and TRPM2 mediate VE-cadherin cleavage in HPMECs. Representative Western blot of FL and CTF VE-cadherin protein levels in HPMECs upon 
TRPV2 inhibition (50 μM tranilast) and 2 h exposure to H2O2 (300 μM; A, quanti<ed in B). (C) Representative Western blot of FL and CTF VE-cadherin protein levels 
in HPMECs upon ADAM10 inhibition (3 μM GI254023X, GI254) and 2 h exposure to cannabidiol (CBD, 50 μM), quanti<ed in (D). Representative Western blot of FL 
and CTF VE-cadherin protein levels in HPMECs upon TRPM2 inhibition (10 μM econazole) and 2 h exposure to H2O2 (300 μM; E, quanti<ed in F). Representative 
Western blot of FL and CTF VE-cadherin protein levels after H2O2 exposure (2 h, 300 μM) upon co-inhibition of TRPM2 and ADAM10 (10 μM econazole, 3 μM 
GI254023X, (G, quanti<ed in H)). For all Western blots, β-actin was probed for as a loading control; samples shown are from a single donor, 3 technical replicates. 
Quanti<ed data re8ect the mean + SD from 3 independent donors (B, D, F) or 3 consecutive passages from one donor (H); (n = 3). Normality of data was con<rmed 
using the Shapiro-Wilk test, and signi<cance between means was analyzed using two-way ANOVA, with Tukey post hoc tests; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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revealed that, upon exposure to 75 μM H2O2, VE-cadherin signal became 
disorganized at the plasma membrane after 15 min, recovering within 
90 min. In contrast, N-cadherin, while initially dispersed in the intra-
cellular space, organized at the plasma membrane 15 min after H2O2 
exposure, returning to the intracellular space within 90 min. N-cadherin 
may also be a target of ADAM10 ectodomain cleavage, as an H2O2- 
dependent ~37 kDa N-cadherin CTF was detected in HPMEC lysates 
(Supp. Fig. 4). Quanti<cation of VE-cadherin signal intensities at the 
borders of adjacent cells revealed that econazole-treated HPMECs 

showed a signi<cant loss of VE-cadherin signal after 90 min of H2O2 
exposure (Fig. 4B). 15 min after H2O2 exposure, N-cadherin signal in-
tensities at the junctions of DMSO and econazole treated HPMECs were 
signi<cantly elevated, while HPMECs pretreated with either TRPV2 or 
ADAM10 inhibitors showed no signi<cant change in N-cadherin signal 
(Fig. 4C). Colocalization analyses of VE-cadherin and N-cadherin further 
con<rmed that 75 μM H2O2 induced a transient localization of N-cad-
herin at AJs with VE-cadherin, a process that was signi<cantly impaired 
upon either TRPV2 or ADAM10 inhibition (Fig. 4D).

Fig. 3. TRPM2 and TRPV2 facilitate HPMEC barrier recovery following H2O2 exposure. Changes in barrier resistance (normalized to baseline) were measured in 
HPMECs which were preincubated with DMSO or econazole (econ, 10 μM, 1 h) and subsequently exposed to 75 μM H2O2 (A). HPMEC resistance values (presented as 
% of control values) were quanti<ed 15 and 90 min after H2O2 application (B). Similar experiments were conducted with the TRPV2 inhibitor tranilast (tran, 50 μM, 
1 h preincubation, (C, D)) and the ADAM10 inhibitor GI254023X (GI254, 3 μM, 1 h preincubation, (E, F)). Data represent the mean (A–F) + SD (B, D, F) of results 
from 3 independent donors (n = 3). Normality of data was con<rmed using the Shapiro-Wilk test, and signi<cance between means was analyzed with two-way 
ANOVA and Tukey post hoc tests; *p < 0.05, **p < 0.01.
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4. Discussion

ROS are not only mediators of vascular pathology, but are also 
critical signaling molecules for endothelial cell proliferation, growth and 
motility [7,8,13,36]. In this study, we describe a pathway by which 
TRPV2 channels, alongside TRPM2 channels, modulate AJ protein 
composition and facilitate the recovery of HPMEC barrier function after 

H2O2 exposure.
We found that TRPV2, a redox-sensitive channel, played a signi<cant 

role in mediating HPMEC response to ROS. H2O2 exposure triggered an 
[Ca2+]i increase within 5 min, a reaction which was signi<cantly 
reduced upon pharmacological inhibition of TRPV2. While the intra-
cellular localization pattern of TRPV2 has not been determined in pul-
monary endothelial cells, TRPV2 is rapidly translocated from internal 

Fig. 4. TRPV2 and ADAM10 are necessary for altered localization of N- and VE-cadherin following H2O2 exposure. (A) HPMEC immuno8uorescence staining 
of VE-cadherin (red) and N-cadherin (green) over a timecourse of H2O2 exposure (75 μM; 0 min, 15 min, 90 min) in the presence and absence of TRPM2, TRPV2 or 
ADAM10 inhibitors (10 μM econazole, 50 μM tranilast, 3 μM GI254023X, respectively). Nuclei were stained with DAPI (blue), scale bars: 100 μm. Signal intensities of 
VE-cadherin (B) and N-cadherin (C) at cell-cell junctions were quanti<ed from stainings performed in HPMECs from one donor at 4 consecutive passages (n = 4, 30 
regions per n). Colocalization analyses for N- and VE-cadherin were conducted for the same regions in three experiments (n = 3, 30 regions per n), and mean 
weighted colocalization coef<cients for VE-cadherin – N-cadherin were plotted (D). Normality of data was con<rmed using the Shapiro-Wilk test, and signi<cance 
between means (B–D) were analyzed with two-way ANOVA and Tukey post hoc tests; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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stores to the plasma membrane upon application of insulin-like growth 
factor 1 (IGF-1) to CHO cells [37] or the chemotactic peptide fMetLeu-
Phe to macrophages [38]. Upon stimulation, TRPV2 localizes at the cell 
podosome [39], a membrane region of endothelial cells [40] that sup-
ports cell motility through localized proteolysis [41]. While we did not 
study the mechanisms of TRPV2 translocation, we observed that TRPV2 
inhibition prevented the H2O2-driven proteolytic cleavage of 
VE-cadherin (Fig. 2A), a known substrate of the Ca2+-activated protease 
ADAM10 [17]. Therefore, we propose a novel 
TRPV2/ADAM10/VE-cadherin pathway through which HPMECs 
respond to ROS via ectodomain cleavage of VE-cadherin. Upon exposure 
to ROS, TRPV2 is activated, and the resulting Ca2+ in8ux activates the 
metalloprotease ADAM10, possibly through the Ca2+-activated scram-
blase, anoctamin 6 (ANO6) [42]. This cleavage event may not be 
restricted to ADAM10 and VE-cadherin, and the involvement of other 
Ca2+-activated proteases and their cell-adhesion substrates presents a 
promising avenue for further study. In addition, it remains to be deter-
mined whether the extracellular fragment of VE-cadherin released 
during this process plays a role in downstream signaling, as is the case 
with its epithelial counterpart E-cadherin [43].

Our study also offers insight into the complex function of TRPM2 in 
mediating vascular permeability. We observed that the initial H2O2- 
driven [Ca2+]i increase in HPMECs was signi<cantly reduced upon 
pharmacological inhibition of TRPM2, con<rming the <ndings of pre-
vious studies [9,22]. In one such study, Mittal et al. described 
TRPM2-dependent changes in the VE-cadherin phosphorylation state at 
tyrosine residue 731, a site involved in VE-cadherin internalization [22,
44–46]. Our results demonstrated that VE-cadherin Y731 was dephos-
phorylated within 5 min of H2O2 exposure, but that this process 
occurred independent of TRPM2 signaling. Our data suggest that, 
instead, TRPM2 facilitates HPMEC barrier recovery by maintaining 
cellular redox homeostasis, as has been described in interstitial macro-
phages [47], neutrophils [48], and myocytes [49]. As in these other cell 
types, we found that HPMECs pretreated with the TRPM2 inhibitor 
econazole had signi<cantly elevated ROS levels compared to DMSO 
treated controls. This elevated oxidative stress in the absence of TRPM2 
functionality could activate the TRPV2/ADAM10 pathway, which 
would account for the enhanced VE-cadherin cleavage observed under 
both baseline and H2O2-stimulated conditions upon TRPM2 inhibition. 
While both TRPM2 and TRPV2 mediate H2O2 –induced Ca2+ in8ux, our 
results demonstrate that the two channels serve different roles in 
HPMEC response to H2O2. This discrepancy could be attributed to 
channel localization and density, the study of which may be more 
feasible with the advent of novel speci<c antibodies and nanobodies. 
There is also the possibility that TRPV2 may facilitate localized Ca2+

in8ux, or “Ca2+ sparklets,” as has been described for TRPV4 in the 
vascular endothelium (reviewed in Ref. [50]).

The protective role of TRPM2 was also apparent in our measure-
ments of HPMEC barrier resistance. Not only were HPMECs pretreated 
with econazole unable to recover their barrier integrity following 75 μM 
H2O2 exposure, but their barrier resistance continued to drop signi<-
cantly over the course of 90 min. Unexpectedly, inhibition of the 
TRPV2/ADAM10 pathway also signi<cantly limited the recovery of 
HPMEC barrier integrity after H2O2 exposure. One possible biological 
explanation for why a destructive process such as ectodomain cleavage 
could be bene<cial for barrier recovery is to facilitate the process of 
“cadherin switching”. In the endothelium, VE-cadherin localizes pri-
marily to AJs at the plasma membrane, where it is thought to contribute 
to contact inhibition of cell growth and proliferation [51,52]. N-cad-
herin, in contrast, is associated with cell migration and wound healing 
and is unable to translocate to the plasma membrane in the presence of 
VE-cadherin complexes at AJs [51,53]. Upon the disruption of 
VE-cadherin junctional organization, N-cadherin translocates to the cell 
surface, where it can form heterotypic adhesions with neighboring cells. 
The resulting N-cadherin adhesion complex promotes Rac1 activation, 
which in turn induces the reorganization of VE-cadherin at AJs [54]. We 

were able to observe this transient localization of N-cadherin at AJs in 
our timecourse immuno8uorescence stainings, a process that did not 
occur upon inhibition of TRPV2 or ADAM10. Our results support a 
pathway by which redox-sensitive TRPV2 channels trigger the disrup-
tion of VE-cadherin dimers at HPMEC AJs through ADAM10-driven 
ectodomain cleavage. The resulting paracellular gaps are then rapidly 
repaired, possibly through N-cadherin-mediated recruitment of 
VE-cadherin. This pathway could be particularly relevant during 
leukocyte transmigration, which is characterized by H2O2 release [55], a 
temporary increase in paracellular permeability and a focal, transient 
loss of VE-cadherin complexes at AJs [4].

Future studies on the role of TRPV2 in pulmonary endothelial barrier 
function would bene<t from the application of in vivo or ex vivo models. 
The isolated perfused and ventilated lung, for example, has been 
instrumental in toxicant screening [56], in highlighting TRPV4’s role in 
ventilator-induced alveolar permeability [57], as well as in the investi-
gation of H2O2-induced pulmonary edema [58,59]. Murine models 
could also give insight into the long-term transcriptional and trans-
lational regulation of the TRPV2/ADAM10 pathway. For example, mice 
exposed to cigarette smoke, an inducer of ROS and oxidative stress, 
showed reduced TRPV2 protein expression in alveolar macrophages 
[60]. It remains to be determined if this effect occurs in endothelial cells, 
but it is possible that TRPV2 and ADAM10-mediated VE-cadherin 
cleavage under chronic ROS exposure is kept in check through tran-
scriptional regulation of TRPV2. Furthermore, additional histological 
studies on human biopsy tissue could provide more speci<c insight into 
the in situ membrane localization of TRPV2, which has previously been 
shown to differ from that of other TRP channels in epithelial cells [61]. 
Differing localization patterns could explain why TRPV2 was respon-
sible for VE-cadherin cleavage in our HPMECs, in contrast to TRPV4, 
which has been reported to induce E-cadherin shedding in alveolar 
epithelial cells [62].

In summary, we con<rmed that TRPM2 is only partially responsible 
for endothelial Ca2+ in8ux following oxidative signaling and identi<ed 
TRPV2 as an additional redox-sensitive contributor. We described a 
novel signaling pathway by which TRPV2 activation alters AJ compo-
sition through ADAM10-mediated VE-cadherin cleavage and deter-
mined that this pathway is essential for endothelial barrier recovery 
following oxidative injury. These <ndings establish a foundation for 
future studies exploring redox-regulated pulmonary endothelial repair 
pathways in translationally relevant model.
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Supplementary Methods 

Reagents and Antibodies 
The following reagents and antibodies were used: High glucose Dulbecco’s Modified Eagle Medium 
(DMEM, Thermo Fisher Scientific, Waltham, MA, USA, #41965039); hydrogen peroxide solution (Merck, 
Darmstadt, Germany, H1009); GI254023X (Tocris, Bristol, UK, #3995); econazole (Merck, Y0001236); 
JNJ-28583113 (MedChemExpress, Monmouth Junction, NJ, USA, #HY-149143); tranilast (Tocris, 
#1098); valdecoxib (Merck, #PZ0179); cannabidiol (Cayman Chemical, #90080, Ann Arbor, MI, USA); 
GSK2193874 (Tocris, #5106); anti-VE-Cadherin antibody (Cell Signaling, Danvers, MA, US, #2500); 
anti-phospho-VE-Cadherin (Tyr731) antibody (Thermo Fisher Scientific, #441145G); anti-N-Cadherin 
antibody (BD Biosciences, Franklin Lakes, NJ, US, #610920); horseradish peroxidase (HRP)-
conjugated anti- -actin antibody (Merck, #A3854); anti-TRPM2 antibody (Bethyl, Montgomery, TX, USA, 
#A300-414A); anti-TRPV2 antibody (Abcam, Cambridge, UK, Ab272862); peroxidase (POX)-
conjugated anti-rabbit antibody (Merck, #A1654); horseradish peroxidase (HRP)-conjugated anti-mouse 
antibody (Cell Signaling, #7076); goat anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher Scientific, #A-
11008); goat anti-mouse IgG Alexa Fluor 594 (Thermo Fisher Scientific, #A11005). See complete 
antibody information in Supp. Table S3.  
 
SiRNA knockdown of TRPV2 and TRPM2 
Pools of TRPV2 siRNAs (100 nM, ON-TARGETplus, Horizon Discovery, Cambridge, UK, #L-004194-
00-0050), TRPM2 siRNAs (30 nM, ON-TARGETplus, Horizon Discovery, #L-004193-00-0005), or 
nonspecific control siRNAs (ON-TARGETplus, Horizon Discovery, #D-001810-10-50) were introduced 
to HPMECs through reverse transcription using the DharmaFECT 2 transfection reagent (Horizon 
Discovery, #T-2002-03), per manufacturer’s instructions. Media was replaced after 24 h, and cells were 
allowed to grow to confluency over a period of 3 days, at which point cells were lysed for RNA isolation 
or treated and harvested for Western blotting. Knockdown efficacy was determined through qRT-PCR 
and Western blotting. 
  
Cell Surface Biotinylation and Cell Fractionation 
HPMEC surface proteins following H2O2 exposure were isolated through surface biotinylation. Briefly, 
following exposure, HPMECs were washed once with ice cold PBS and incubated with the cell 
membrane impermeable biotinylation reagent EZ LinkTM Sulfo-NHS-SS-Biotin (1 mg/ml, Thermo Fisher 
Scientific, #21217) for 1 h on ice. HPMECs were then washed with cold PBS, incubated with 50 mM 
glycine in PBS for 15 min to quench excess biotin, and subsequently washed twice in cold PBS. Cells 
were then lysed in 150 µl RIPA buffer (with protease and phosphatase inhibitors) for 1 h on ice. Lysates 
were spun at 14,000 rpm, 4 °C for 30 min. 50 µl of supernatant was added to 17 µl of streptavidin-
conjugated DynabeadsTM (Thermo Fisher Scientific, #11206D), and rotated overnight at 4 °C. The 
following day, biotin/bead bound proteins were magnetically separated from the unbiotinylated fraction, 
washed thrice in RIPA, and resuspended in RIPA with 1x Laemmli buffer (prepared from 5x stock: 3 ml 

-mercaptoethanol). 
Samples for both fractions were then assessed using Western blot. 
 
SDS-PAGE and Western blot 
The expression of VE-cadherin protein was evaluated by Western blot analysis as previously described 
[S1]. Following treatment, HPMECs were lysed in 150 µl RIPA buffer (with protease and phosphatase 
inhibitors) for 30 min on ice. Protein concentration was quantified with the Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific, #23225) according to the manufacturer’s protocol. Protein samples (10-30 µg 
lysate, 1x Laemmli buffer (prepared from 5x stock: 3 ml TRIS/HCl (2.6 M), pH 6.8; 10 ml glycerin; 2 g 
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-mercaptoethanol)) were heated for 10 min at 95 °C and loaded 
onto an SDS-PAGE gel (4 % stacking, 10 % separating). SDS-PAGE gel electrophoresis was run for 30 
min at 80 V, and then at 120 V for 90 min. Proteins were then transferred from the gel to a Roti®-PVDF 
membrane (Roth, Karlsruhe, Germany, #T830.1) in a wet transfer system (BioRad, Feldkirchen, 
Germany) at 50 V for 1.5 h. The membrane was then blocked with 5 % low-fat milk (Roth, #T145.2) in 
TBS-T (0.1 % Tween20) for 1 h at RT. All antibodies were diluted in the milk blocking solution. See 
Supp. Table S3 for relevant antibody information. Membranes were incubated in the primary antibody 
solutions overnight at 4 °C. Afterwards, membranes were washed (3 x 10 min, TBS-T) and incubated 
for 2 h at RT in peroxidase-conjugated secondary antibody solutions. Chemiluminescence was detected 
following incubation in SuperSignal West Femto or Pico maximum sensitivity substrates (Life 
Technologies, CA, USA, #34095 and #34580), using an Odyssey-Fc unit (Licor, Lincoln, NE, USA). 
Uncut Western blot images for all samples and replicates can be found on the online Open Science 
Foundation repository, OSF DOI: 10.17605/OSF.IO/T3FJP.  
 
Ca2+ Imaging 
HPMECs were grown on poly-L-lysine-coated 24 mm glass coverslips until 80 % confluency. On the 
day of measurement, HPMECs were loaded with 2 µM Fura-2-AM (Merck, #47989-1MG-F) in Ca2+ 
buffer (0.1 % BSA in HBSS (with Ca2+, Mg2+ and 0.5 M HEPES)) for 25 min at 37 °C. Coverslips were 
then washed with HEPES/HBSS buffer, placed into a quick-change chamber (Warner instruments, 
Holliston, USA, #64-0367) with 450 uL HEPES/HBSS, and positioned on the 40x oil-objective of a Leica 
DM98 fluorescence microscope. Changes in intracellular Ca2+ concentration following the application of 
H2O2 (30 [S1]. For 
measurements involving pharmacological inhibition, the respective inhibitors were included in both the 
Fura incubation solution and the treatment solutions.  
 
Immunocytochemistry 
HPMECs were seeded on poly-L-lysine-coated 12 mm glass coverslips. After treatment, cells were 
washed once with cold PBS, fixed in 4 % PFA/PBS (15 min, RT), and then washed thrice with cold PBS. 
Cells were permeabilized for 10 min at RT in a 0.2 % Triton X-100/PBS solution, and then washed 4 x 
5 min in PBS-T (0.1 % Tween20 in PBS). HPMECs were blocked for 1 h in PBS with 0.1 % Tween20 
and 5 % BSA, and then incubated overnight at 4 °C in primary antibody solutions prepared in blocking 
buffer. See complete antibody information in Supp. Table S3. The following day, cells were washed (4 
x 5 min, PBS-T), incubated for 2 h at RT in secondary antibody solutions, and washed again (4 x 5 min, 
PBS-T). All antibodies were diluted in blocking buffer. Nuclei were stained with DAPI (0.1 mg/L in PBS) 
for 3 min at RT, after which cells were washed (4 x 5 min, PBS-T). Coverslips were mounted with 
PermaFluor mounting medium (Epredia, Kalamazoo, MI, USA, #TA-030-FM) and kept at 4 °C. Confocal 
images were taken with a Zeiss LSM 880 microscope (Zeiss, Oberkochen, Germany) using the ZEN 
Black software (Zeiss, version 2.3). Images were processed with FIJI software (Image J v.1.53c, Wayne 
Rasband, NIH, USA) [S2]. Signal quantification was performed with ZEN Blue and Black software (Zeiss, 
version 3.4). Regions of interest (ROI) were drawn along the borders of adjacent HPMECs. Mean N-
cadherin and VE-cadherin signal intensity values from ten ROI were calculated for 3 images from each 
condition and timepoint. Colocalization analyses were conducted following the guidelines recommended 
by the software provider. Briefly, single-label control samples were used to set the gating for the 
experimental, double-labeled samples. VE-cadherin/N-cadherin colocalization coefficients were 
determined for ten ROI per image, with 3 images taken for each condition and timepoint. These 
immunocytochemistry experiments were replicated thrice in subsequent passages from one donor.   
 
LDH Cytotoxicity Assay 
H2O2-induced cytotoxicity was assessed through an LDH assay (Merck, #11644793001), according to 
the manufacturer’s protocol. Briefly, cells were incubated in 300 µM H2O2 for 2h, at which point the 
supernatant was collected and tested for the reduction of tetrazolium salt by NADH as a measure of 
LDH activity. Triton X100 (2 %) was applied as a positive control. 
 
Quantitative Reverse-Transcription (qRT)-PCR 
Total RNA from HPMECs was isolated with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany, 
#74136). 1 µg mRNA was then transcribed to cDNA using the RevertAid H Minus First Strand cDNA 
Synthesis Kit (Life Technologies, Darmstadt, Germany, #K1631), with reverse transcription polymerase 
and random primers according to the manufacturer’s protocol. The levels of mRNA transcripts of target 
genes were assessed using real-time quantitative PCR, as described previously [S1]. Briefly, 3 µl (15 
ng) of template cDNA was added to 7 µl of a master mix containing 2x Absolute QPCR SYBR Green 
Mix (Life Technologies, #AB1158B), 10 pmol of the respective primer pair (Metabion, Planegg, 
Germany, see table S4 for primer sequences) and water. For qRT-PCR, the following program was run 
in a light-cycler 480 device (Roche, Mannheim, Germany): activation (15 min, 94 C); 45 cycles of 
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denaturation (12 s, 94 C), annealing (30 s, 50 C) and extension (30 s, 72 C); and melting curve analysis. 
The default lightcycler software (Roche, Basel, Switzerland) allowed for the calculation of crossing points 
(Cps), which were used to calculate gene expression values. 
 
Quantification of Reactive Oxygen Species (ROS) 
The cell-permeable, fluorigenic probe 2’, 7’-dicholodihydrofluorescein diacetate (H2DCFDA) was used 
to semi-quantitatively assess ROS levels in HPMECs, as previously described [44]. HPMECs were 
plated at a density of 15,000 cells/well in 96 well plates and grown to confluency over 24-48 hrs, at which 
point HPMECs were pretreated with H2DCFDA (50 µM, Thermo Fisher Scientific, #3135794) for 1 h in 
DMEM without phenol red. Cells were then washed once in warm DMEM without phenol red (Thermo 
Fisher Scientific, #21063029), and incubated with DMSO or econazole (10 µM) in DMEM without phenol 
red for indicated time points. Fluorescence emitted by the oxidized DCF was detected using a microplate 
reader (Fluostar Omega, BMG labtech, Ortenberg, Germany). L-Cysteine (2 mM, Merck, #168159) was 
applied as an antioxidant negative control, and phorbol-12-myristat-13-acetate (PMA, 20 µM) served as 
a positive control of intracellular ROS production.  
 
Statistical analysis 
Statistical analysis was performed with GraphPad Prism 10 software (GraphPad Software, San Diego, 
USA). Significant differences are indicated by asterisks, where p < 0.05 (*), 0.01 (**), 0.001 (***), and 
0.0001 (****). 
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Supplementary Tables and Figures 

 

Table S1: HPMEC donor information (Promocell) 

Donor ID (Lot #) Catalogue # Age Sex Ethnicity Disease Status 

467Z025.1 C-12281 61 Female Caucasian Healthy 

463Z013.1 C-12281 57 Female Caucasian Healthy 

489Z006.1 C-12281 51 Male Caucasian Healthy 

489Z005 C-12281 52 Female Caucasian Healthy 

 

Table S2: IC50 values for TRP and ADAM inhibitors 

Compound Target Expression System Assay Type IC50 

Econazole TRPM2 HEK293, hTRPM2 Electrophysiology < 3 µM [34] 

JNJ-28583113 TRPM2 HEK293, hTRPM2 Electrophysiology 126 nM [35] 

Tranilast TRPV2 HEK293T, hTRPV2 Fluorometric Assay 2.3 µM [31] 

Valdecoxib TRPV2 HEK293, rtTRPV2 Fluorometric Assay 9 µM [32] 

GI254023X ADAM10 COS-7, hADAM10 Enzymatic Cleavage Assay 5.3 nM [30] 

GSK2193874 TRPV4 HEK293T, hTRPV4 Fluorometric Assay 2 nM [33] 

 

Table S3: Antibodies used for Western blotting and immunocytochemistry 

Primary Antibodies Supplier Cat. # / RRID Dilution 

VE-Cadherin (rb pAb) Cell Signaling 2158 / AB_2077970 WB: 1:1,000; ICC: 1:400 

Phospho-VE-cadherin 
(Tyr731) (rb pAb) 

ThermoFisher 
Scientific 

44-1145G / AB_2533584 WB: 1:1,000 

N-Cadherin (Mo pAb) BD biosciences 610920 / AB_2077527 WB: 1:1,000; ICC: 1:400 

TRPM2 (rb pAb) Bethyl A300-414A / AB_2208495 WB: 1:300 

TRPV2 (rb pAb) Abcam Ab272862 / AB_2892218 WB: 1:300 

-actin-HRP (mo pAb) Merck A3854 / AB_262011 WB: 1:10,000 

 

Secondary Antibodies Supplier Cat. # / RRID Dilution 

Rabbit IgG-POX Merck A6154 / AB_258284 WB: 1:10,000 

Mouse IgG-HRP Cell Signaling 7076 / AB_330924 WB: 1:10,000 

Rabbit Alexa Fluor 488 ThermoFisher Scientific A32731 / AB_2633280 ICC: 1:250 

Mouse Alexa Fluor 594 ThermoFisher Scientific A-11005 / AB_2534073 ICC: 1:250 

 

Table S4: DNA-sequences of qRT-PCR primer pairs 

Gene Forward Primer Reverse Primer 

TRPC1 GAG AGC ATT TGA ACT TAG TGC TGA TTA CAT TGC CGG GCT AGT TC 

TRPC4 GGT CAG ACT TGA ACA GGC AAG GTT TAA TTT CTC CCC ATA TGA AGC 

TRPV2 CTG ACC GTT GGC ACT AAG C CTC CCA TGA AGC CCA GTT C 

TRPV4 GGA CAC GTG TGG GGA AGA CAC AGC CAG CAT CTC GTG 

TRPM2 GCC TCA GCT GCT TCG G CTT CAC CAC CAG CAC TTC CA 

TRPM7 AGA CTC GGC TTC TGC TGC TA TCC AGG ATT TCT GGG ACA TTC TC 
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Fig. S1. Characterization of HPMECs and HPMEC response to H2O2. (A) Degree of cytolysis, measured in 

terms of lactate dehydrogenase (LDH) activity, in HPMECs after 2 h H2O2 exposure (300 µM). Data represent the 

mean + SD of results from 3 independent donors (n = 3). Significance was assessed using a Wilcoxon test. ns = no 

significance. (B) Complete Western blot of the full length (FL) and C-terminal fragment (CTF) levels of VE-

cadherin protein in HPMECs 2 h after H2O2 exposure at varying concentrations (75 µM, 150 µM and 300 µM). -

actin was probed as a loading control. Data represent 3 technical replicates from one donor (n = 1). (C) 

Representative Western blot of VE-cadherin FL and CTF protein levels after 15 min H2O2 exposure (300 µM). The 

intracellular and plasma membrane fractions of HPMEC protein lysates were separated through extracellular biotin 

labeling and streptavidin selection. -actin was probed as a loading control. Data represent 3 technical replicates 

from one donor (n = 1). (D) TRP gene expression results, as detected by qRT-PCR, normalized to -actin. Data 

reflect mean values + SD from 3 independent donors (n = 3). TRPM2 (E) and TRPV2 (F) proteins were detected in 

HPMEC lysates by Western blot, and -actin was probed as a loading control. 
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Fig. S2. Additional controls for TRPV2 modulation of HPMEC VE-cadherin upon H2O2 exposure. 

Representative Western blots of FL and CTF VE-cadherin protein levels after H2O2 exposure (2 h, 300 µM) upon 

TRPV2 inhibition (100 µM valdecoxib, (A, quantified in B)) or siRNA-mediated TRPV2 knockdown (100nM 

siRNA, NS = Nonspecific control, (C, quantified in D)). (E) Representative Western blot of FL and CTF VE-

cadherin protein levels after H2O2 exposure (2 h, 300 µM) upon TRPV4 inhibition (300 nM GSK2193874, 

quantified in F). For all Western blots, -actin was probed for as a loading control, samples shown are from a single 

donor, 3 technical replicates. Western blot quantifications represent the mean + SD of results from 3 independent 

donors (B) or 3 consecutive passages from one donor (D, F); (n = 3). Normality of data was confirmed using the 

Shapiro-Wilk test, and significance between means was analyzed using two-way ANOVA, with Tukey post hoc 

test; * p < 0.05, ** p < 0.01.
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Fig. S3. Impaired TRPM2 functionality increases ADAM10-mediated HPMEC VE-cadherin cleavage. 

Representative Western blots of FL and CTF VE-cadherin protein levels after H2O2 exposure (2 h, 300 µM) upon 

TRPM2 inhibition (10 µM JNJ-28583113, (A, quantified in B)) or siRNA-mediated TRPM2 knockdown (30 nM

siRNA, NS = Nonspecific control, (C, quantified in D)). Representative Western blot of phosphorylated VE-cadherin 

(pY731) protein levels after H2O2 exposure (5 min, 300 µM) upon TRPM2 inhibition (10 µM econazole, (E, quantified 

in F)). For all Western blots, -actin was probed for as a loading control, samples shown are from a single donor, 3 

technical replicates. Western blot quantifications represent the mean + SD of results from 3 independent donors (B, D) 

or 3 consecutive passages from one donor (F); (n = 3). (G) Detection of HPMEC ROS levels through the fluorigenic

ROS probe H2DCFDA after incubation with DMSO or econazole (10 µM) for the described timepoints. Data reflect 

the mean + SD of results from one donor at 3 consecutive passages (n = 3). Normality of data was confirmed using the 

Shapiro-Wilk test, and significance between means was analyzed using two-way ANOVA, with Tukey post hoc test; * 

p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure S4. H2O2 exposure induces N-cadherin cleavage in HPMECs. Representative Western blot of FL and 

CTF N-cadherin protein levels after H2O2 exposure (2 h, 300 µM). -actin was probed for as a loading control, 

samples shown are from a single donor, 3 technical replicates; (n = 1).
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Introduction: P2X receptors are a family of homo- and heterotrimeric cation

channels gated by extracellular ATP. The P2X4 and P2X7 subunits show

overlapping expression patterns and have been involved in similar physiological

processes, such as pain and inflammation as well as various immune cell

functions. While formation of P2X2/P2X3 heterotrimers produces a distinct

pharmacological phenotype and has been well established, functional

identification of a P2X4/P2X7 heteromer has been difficult and evidence for

and against a physical association has been found. Most of this evidence stems,

however, from in vitro model systems.

Methods: Here, we used a P2X7-EGFP BAC transgenic mouse model as well as

P2X4 and P2X7 knock-out mice to re-investigate a P2X4-P2X7 interaction in

mouse lung by biochemical and immunohistochemical experiments as well as

quantitative expression analysis.

Results: No detectable amounts of P2X4 could be co-purified from mouse lung

via P2X7-EGFP. In agreement with these findings, immuno-histochemical

analysis using a P2X7-specific nanobody revealed only limited overlap in the

cellular and subcellular localizations of P2X4 and P2X7 in both the native lung

tissue and primary cells. Comparison of P2X4 and P2X7 transcript and protein

levels in the respective gene-deficient and wild type mice showed no mutual

interrelation between their expression levels in whole lungs. However, a

significantly reduced P2rx7 expression was found in alveolar macrophages of

P2rx4-/- mice.
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Discussion: In summary, our detailed analysis of the cellular and subcellular P2X4

and P2X7 localization and expression does not support a physiologically relevant

direct association of P2X4 and P2X7 subunits or receptors in vivo.

KEYWORDS

P2X7 receptor, P2X4 receptor, heteromerization, functional interaction, lung epithelial

cells, macrophage, nanobody, BAC transgenic P2X7-EGFP mouse

1 Introduction

The P2X family of trimeric ion channel receptors comprises

seven subtypes, P2X1-P2X7, of which all but the P2X6 subunit can

form functional homomeric ion channels on their own (1). While a

variety of possible P2X heteromers have been characterized in vitro,

only few of them (such as P2X2/3 (2), P2X1/5 (3), and P2X2/5 (4))

have been confirmed in vivo also see (5–7). The P2X7 subtype

differs structurally and functionally from other P2X receptors. The

most significant differences are the presence of a palmitoylated

cytoplasmic membrane anchor and a large intracellular so-called

“ballast” domain (8), a low sensitivity to ATP (1), and its ability to

initiate various downstream effects upon activation, such as the

formation of large membrane pores (9).

Within the P2X receptor family, P2X4 and P2X7 are the most

closely related subunits (47% and 48% amino acid sequence

identity for the human and mouse proteins, respectively) and in

humans and rodents both genes are direct neighbors on the same

chromosome (10, 11). P2X4 and P2X7 are also co-expressed in

many cell types including microglia (12), macrophages (13, 14), T

cells (15), different cell types in the lung (16, 17) and secretory

cells (18). While native P2X4 appears to be predominantly

localized in lysosomes in many cell types (19), both subunits

have been linked to similar processes, such as release of IL-1b and

IL-18 and production of reactive oxygen species (ROS) (20–24),

phagosome function (19, 25), autophagy, macrophage death (26),

autocrine and paracrine activation of T cells (15, 27–31), and

secretion of lung surfactant (32, 33).

Based on electrophysiological recordings, a functional P2X4/

P2X7 interaction was originally suggested in airway ciliated cells

(16) and subsequently described for the heterologously expressed

subunits in HEK293 cells (14, 34). These studies are supported by

measurements of dye uptake, where a positive effect of P2X4 on

pore formation was identified in mouse macrophages (24, 26) while

a negative P2X4 effect was observed in co-transfected HEK293 cells

(34). However, neither a more recent study in Xenopus laevis

oocytes, where both subunits were heterologously co-expressed

(35), nor a detailed pharmacological analysis of endogenous

subunits in BV-2 microglia did find evidence for a functional

interaction (36).

A physical interaction of P2X4 and P2X7 subunits has been shown

by co-purification experiments using transfected HEK293 and tsA201

cells as well as in mouse bone marrow-derived macrophages, the E10

mouse alveolar epithelial cell line, and primary gingival epithelial cells

(14, 22, 24, 37–39). Further analysis by cross-linking, native

polyacrylamide gel electrophoresis (PAGE) and atomic force

microscopy indicated that the receptors formed complexes of

interacting homotrimers rather than heterotrimers (37–39). In

support of these studies, a close association of co-expressed P2X4

and P2X7 subunits was detected by Förster resonance energy transfer

(FRET) analysis in Xenopus laevis oocytes and co-transfected HEK293

cells (24, 35) as well as in an in situ proximity ligation assay in HEK

cells (39). Blue native PAGE analysis of P2X4 and P2X7-containing

complexes across a variety of mouse tissues and a systematic co-

precipitation study in HEK cells failed, however, to identify P2X4/P2X7

complexes that survived solubilization (5, 40).

A mutual interaction of both subunits was also reported at the

transcriptional/translational level: in mouse kidney, a significant

reduction of P2rx4 or P2rx7 mRNA levels was observed if the gene

of the respective other P2X subtype was deleted (41). Likewise,

P2X4 deficiency in bone marrow-derived dendritic cells led to

reduced P2rx7 mRNA levels and decreased IL-1b release upon

ATP treatment (42) and co-transfection of P2X7 and P2X4

increased surface expression of P2X4 in normal rat kidney (NRK)

cells while total P2X4 levels remained unchanged (14). In mouse

E10 alveolar epithelial cells, in contrast, downregulation of one

subtype via shRNA resulted in an increased protein level of the

respective other subtype (38). In RAW264.7 macrophage-like cells

and bone marrow-derived dendritic cells, however, shRNA-

mediated downregulation of P2X4 did not affect P2X7 protein

levels (23, 26) and most recently, evidence against an

interdependent regulation or activation of both receptors and a

heteromeric assembly was shown in the murine BV-2 microglia cell

line (36).

Both subtypes are involved in immune cell function and are

expressed in the lung where they have been shown to play a role in

inflammatory processes (43, 44) and surfactant secretion (32, 33).

Both have also been involved in a variety of pulmonary diseases, like

asthma, acute lung injury (ALI), and chronic obstructive pulmonary

disease (COPD) (42, 45–47). Due to its low ATP sensitivity, the

proinflammatory P2X7 receptor is assumed to be mainly activated

under pathophysiological conditions and it is therefore considered

an interesting drug target (48, 49). In contrast, the P2X4 receptor

has been shown to serve also important physiological functions
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such as blood pressure regulation and cardiac myocyte contractility

(50, 51). Its blockade, while shown to be beneficial in pain states

(52), is therefore expected to cause unwanted side effects.

Thus, considering their physiological and potential

pathophysiological roles and their potential to serve as drug targets,

it is important to better understand the physiological relevance of

their interaction and in particular, the possibility of heteromer

formation as this would enable the development of subtype-specific

antagonists. Here, we set out to reinvestigate this interaction in native

mouse lung using a P2X7-EGFP overexpressing reporter mouse as

well as P2X4 and P2X7-deficient mice (P2rx4-/-, P2rx7-/-).

2 Materials and methods

2.1 Animals

Tg(RP24–114E20P2X7451P-StrepHis-EGFP)Ani (P2X7-EGFP),

P2rx7tm1d(EUCOMM)Wtsi (P2rx7-/-), and P2rx4tm1Rass (P2rx4-/-) mice

have been described (53, 54). All mice were bred in a C57Bl/6N

background and housed in standard conditions (22°C, 12 h light–dark

cycle, water/food ad libitum). All animal experiments were performed

in accordance with the principles of the European Communities

Council Directive (2010/63/EU). Procedures were reviewed and

approved by the Government of Upper Bavaria (ROB, 55.2–1-54–

2532-59–2016, 55.2–2532.Vet_02–20-147). All efforts were made to

minimize suffering and number of animals.

2.2 Protein extraction from mouse tissue

Mice were euthanized by isoflurane exposure followed by

cervical dislocation. The lung was dissected and milled in 600 µl

of homogenization buffer (0.1 M sodium phosphate buffer, pH 8.0,

0.4 mM Pefabloc SC (Sigma) and Complete protease inhibitor

(Roche Applied Science) using a Precellys 24 homogenizer

(Peqlab) and 2.8 mm ceramic beads. Cell fragments, nuclei, and

organelles were pelleted by centrifugation at 1000 x g and 4°C for 15

min. The supernatant, comprising membrane fragments and

soluble proteins, was subsequently centrifuged at 21000 x g and

4°C for 60 min to pellet the crude membrane fraction. Membrane

proteins were solubilized by resuspension in extraction buffer

containing 1% NP-40 (Sigma), 0.5% n-dodecyl-b-D-maltoside

(Calbiochem) or 1% digitonin (Sigma) and incubated for 15 min

at 4°C. The protein extract was afterwards cleared from insoluble

fragments by centrifugation (21000 x g, 4°C, 10 min) to obtain the

supernatant with solubilized membrane proteins.

2.3 Protein expression in and extraction
from Xenopus laevis oocytes

P2X4 and P2X7-EGFP were subcloned into the pNKS2 oocyte

expression vector (55). Linearized (XbaI) plasmid DNA was

purified with the Qiagen clean up kit and cRNA was synthesized

using the mMESSAGEmMACHINE SP6 transcription kit. Xenopus

laevis oocytes were kindly provided by Prof. Luis Pardo (Max Planck

Institute for Experimental Medicine, Göttingen), injected with 25

ng cRNA, and kept at 16°C in ND96, supplemented with 500 µl/ml

gentamycin. 2–3 days after injection, 6–12 oocytes were

homogenized in extraction buffer (0.1 M phosphate buffer (pH

8.0), 0.4 mM Pefabloc SC, and 1% NP40 or 0.5% n-dodecyl-b-D-

maltoside, 20 µl buffer/oocyte). After 15 min incubation on ice, the

protein extract was cleared by two centrifugation steps (10 min,

15000 x g, 4°C).

2.4 Protein expression in and extraction
from HEK cells

P2X4 and P2X7 were subcloned into the pcDNA3.1

mammalian expression vector. Cells were seeded on 6-well plates

at a density of 2 x 105 cells per well in serum-free medium. The next

day, DNA was introduced in the cells using the Turbofect

transfection reagent (Thermo, Germany) following the indications

of the manufacturer. Cells were kept at 37°C. 2 days after

transfection, cells were detached by flushing them directly with

sodium phosphate buffer (pH 8.0). The cells were pelleted by

centrifugation at 800 x g for 5 min at 4°C, and later homogenized

in 150–500 ml extraction buffer containing 0.1 M phosphate buffer

(pH 8.0) supplemented with Pefabloc SC and 0.5% n-dodecyl-b-D-

maltoside. After 15 min incubation on ice, the membrane fraction

was obtained by centrifugation for 10 min at 21000 x g and 4°C and

collection of the supernatant.

2.5 Immunoprecipitation

10–30 µl GFP-Trap® agarose beads (Chromotek) were washed

three times (1000 x g, 1 minute, 4°C) with washing buffer (1:5

dilution of extraction buffer in sodium phosphate buffer (pH 8.0)

supplemented with 150 mM NaCl). 300 µl of protein extracts were

added to the beads and incubated under slow rotation for 1 h at 4°C.

Beads were then washed three times with 500 ml of washing buffer

and purified protein eluted by 2 min incubation with 45 µl 0.2 M

glycine (pH 2.5) and subsequent neutralization with 5 µl 1 M Tris

(pH 10.5), as recommended by the manufacturer.

2.6 SDS-PAGE and western blot analysis

Proteins (40 ml extract, 20–40 ml eluate) were separated on 8%

SDS-PAGE gels and blotted onto Immobilon-FL PVDF membranes

(Merck Millipore) for 16 h at 4°C using a Mini Trans-Blot cell (Bio-

Rad). After transfer, membranes were blocked with Intercept (TBS)

Blocking Buffer (LI-COR Biosciences) diluted 1:2 in TBS. For the

immunological detection of proteins, the membrane was incubated

with the specific primary antibodies diluted in blocking buffer for 60

min at RT or overnight at 4°C. After washing three times for 5 min

with TBS-T (0.1% Tween-20), the membrane was incubated with

the fluorescent dye-conjugated secondary antibodies diluted in

TBS-T for 60 min at RT. The membrane was again washed three
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times for 5 min with TBS-T and finally rinsed with TBS before

detecting signals by using the Odyssey infrared imaging system (LI-

COR Biosciences). For antibodies see Supplementary Table S1.

2.7 Nanobody production

7E2-rbIgG and 7E2-hIgG1 heavy chain antibodies (hcAbs) were

generated by cloning the mouse P2X7-specific nanobody 7E2

upstream of the hinge and Fc of rabbit IgG or the hinge and Fc

of human IgG1 into the pCSE2.5 vector respectively (vector was

kindly provided by Thomas Schirrmann, Braunschweig, Germany

(56). HcAbs were produced by transiently transfected HEK-6E cells

cultivated in serum-free medium. Six days post transfection

supernatants were harvested and hcAbs were purified by protein

A Sepharose affinity chromatography as described earlier (57).

2.8 Immunofluorescence staining of lung
frozen sections

Mice were euthanized by careful cervical dislocation and

subsequently transcardially perfused with 20 ml PBS (pH 7.4)

followed by 20 ml 4% PFA/PBS. The lungs were then intratracheally

inflated with 1ml of 4% PFA/Tissue-Tek O.C.T. and the trachea

subsequentially sealed with a suture. Lungs were removed, post-fixed

overnight in 4%PFA/PBS (at RT), and cryoprotected for 24 h at 4°C in a

10–25% sucrose gradient in PBS (pH 7.4) before they were embedded in

Tissue-Tek O.C.T and frozen at -20°C. 10 or 20 µm sections were

prepared and dried for 30 min at RT on glass slides, followed by an

antigen retrieval step (25min incubation at 37–50°C in citrate buffer (10

mM sodium citrate, 0.05% Tween20, pH 6.0). Slices were then blocked

for 1 h at RT (0.4% Triton X-100, 1% BSA, 5% normal goat serum

(NGS) in PBS). Lung sections were afterwards incubated for 16–24 h at

4°C with primary antibodies in a humidified chamber, washed 5 x 10

min with PBS-T (0.05% Tween20 in PBS), and stained for 2 h at RT

with fluorescent dye-conjugated secondary antibodies. All antibodies

were diluted (for antibody details and ratios see Supplementary Table

S1) in blocking solution. After washing (5 x 10 min, PBS-T), slices were

incubated for 1–3 min with 4’, 6-diamidino-2-phenylindole (DAPI, 0.1

mg/l in PBS) and washed again (2 x 10 min, PBS). In some cases,

Thiazole Red (TO-PRO-3, 1:1000, ThermoFisher Scientific) was used

instead of DAPI and incubated together with the secondary antibodies.

Coverslips were mounted using PermaFluor mounting medium, and

slides were kept overnight at RT and then saved at 4°C until confocal

scanning. For long-term storage, slices were kept at -20°C.

2.9 Preparation of alveolar macrophages

Mice were euthanized by cervical dislocation and lungs were

then intra-tracheally lavaged (6x) with 1 ml PBS/0.5% BSA/2 mM

EDTA (pH 7.4). Cells were collected by centrifugation (300 g at RT

for 5 min), resuspended in RPMI1640 media containing 10% FCS,

Pen/Strep (10 U/mL; 10 µg/ml) and 50 µM b-mercaptoethanol, and

seeded in cell culture dishes (24-well for staining, and 5 cm for RNA

preparation). After 12–24 h (37°C, 5% CO2) cells were washed in

PBS and either fixed for immunofluorescence staining or lysed in

Trizol for subsequent RNA extraction.

2.10 Isolation and culture of alveolar
epithelial type 2 cells

Isolation of alveolar epithelial cells was performed based on former

protocols (58, 59) with some minor modifications (60). In brief, 4–5

mice were euthanized by cervical dislocation and lungs were perfused

with 0.9% NaCl (B. Braun Melsungen AG) and instilled with 1.5 ml

dispase solution (Corning) followed by 400 ml 1% low-melting agarose

(Sigma) via the trachea. Lungs were removed and digested in dispase

for 45min. Tissues were treated with DNAse I (AppliChem) inDMEM

(ThermoFisherScientific) with HEPES (AppliChem) and were

processed through 100 µm, 20 µm and 10 µm meshes (Sefar) to

obtain a single cell suspension. After centrifugation, the cell pellet was

resuspended in medium without DNAse I, transferred to cell culture

dishes coated with antibodies directed against CD16, CD32 and CD45

(see Supplementary Table S1) and incubated for 30 min at 37°C to

remove immune cells. The supernatant and medium from an

additional wash step were collected, transferred to cell culture dishes

and incubated for 60 min at 37°C to remove fibroblasts. The

suspension was centrifuged at 200 g for 5 min, cells were

resuspended in DMEM medium buffered with HEPES containing

10% FCS, and seeded in a six-well plate. AT2 cells were collected 36–48

h after seeding for IF-staining. Cell identity was confirmed with an

antibody against the cell type-specific marker protein pro-SP-C

(Supplementary Table S1).

2.11 Immunofluorescence staining of
adherent cells

Cells plated on 1.3 cm glass coverslips were fixed with 4% PFA/

PBS (10 min at RT), washed twice with PBS, permeabilized for 10

min or 1 h at RT with 0.5% Triton X-100/PBS, and blocked (4%

BSA, 4% normal goat serum diluted in PBS) for 60 min at RT. Cells

were then incubated with primary antibodies (16–24 h at 4°C, see

Supplementary Table S1), fluorescence conjugated secondary

antibodies (60 min at RT) and DAPI staining solution (0.2 mg/ml

DAPI/PBS, 1–3 min at RT). After each labeling step, cells were

washed in 0.1% BSA/PBS (5 x 5 min at RT) and finally rinsed in

milli-Q H2O before they were mounted on object slides with

PermaFluor mounting medium. All antibodies were diluted in 2%

BSA/PBS (see Supplementary Table S1). Images were obtained by

confocal laser scanning microscopy using a Zeiss LSM 880.

2.12 Confocal imaging

Confocal images were taken using a Zeiss LSM 880 microscope

with airyscan using the ZEN Black software (2.3 SP1 FP3). Each

channel was imaged separately to avoid bleed-through between the

channels. Tissue/cell samples and respective negative controls from
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knock-out mice were prepared in parallel and used to determine

background staining. The same settings (laser intensity and digital

gain) were then applied for samples from wt and transgenic mice.

Airyscan deconvolution was performed with automatic settings for

all channels. Intensity profiles were created with the image

processing suite from Zeiss ZEN 2.3 SP1 FP3 (black) at a

representative position close to the nucleus. Images were

processed with FIJI [Image J v.1.53c, Wayne Rasband, National

Institutes of Health, USA, (61)].

2.13 RNA extraction and real-time PCR

Total mRNA was isolated from 20–30 mg of mouse tissue using

the RNeasy plus mini kit (Qiagen). In the case of alveolar

macrophages Trizol (ThermoFisher Scientific) was used for RNA

extraction (1x106 cells/ml). Complementary DNA (cDNA) was

synthesized with the QuantiNova reverse transcription kit

(Qiagen) following the manufacturer’s instructions from 1 mg of

RNA. The quantitative PCR was carried out in a LightCycler 480

System using LightCycler 480 SYBR green I Master (Roche) and

LightCycler 480 multiwell plates using 1 ml of cDNA. Primers were

designed to span an exon-exon junction (see Supplementary

Table S2). Relative mRNA levels were calculated by the DCt-

method using ribosomal protein lateral stalk subunit P0 and

peptidylprolyl isomerase A (PPIA) (whole lung) or only PPIA

(alveolar macrophages) as a reference (62): Relative mRNA level

= 2-DCt, where DCt = Ct(target)- Ct(reference) and Ct =

cycle threshold.

2.14 Statistical analysis

Statistical analysis was performed with Graph Pad Prism

software and data are presented as means ± standard deviation

(SD). Shapiro-Wilk normality test was applied before mean

comparison. After meeting the assumptions of normality and

variance homogeneity, student’s t-test was used to determine

statistical differences between groups. Significance was accepted at

* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3 Results

3.1 P2X4 is not co-purified with transgenic
P2X7-EGFP from mouse lung

P2rx4 and P2rx7 have been shown to be widely expressed in

lung tissue (17) and the physical interaction of the respective

proteins as well as a mutual interrelation has been reported in a

murine alveolar epithelial cell line (38) and in mouse primary

macrophages (24). To verify and quantify this interaction in

native lung tissue, we used a BAC transgenic P2X7-EGFP

reporter mouse model and performed pull-down experiments

using the transgenic EGFP-tagged P2X7 receptor as a bait and

bead-coupled nanobodies against GFP for purification (Figure 1A).

As seen in Figure 1B, both P2X4 and P2X7 were clearly detected in

extracts of the mouse lung, confirming their expression in this

tissue. In contrast to the studies described above, however, no P2X4

subunits could be co-purified from lung extracts prepared with the

non-denaturing detergents NP40, n-dodecyl-b-D-maltoside, and

digitonin (Figure 1B). Since P2X4 was previously shown to

associate closely with P2X7 in Xenopus laevis oocytes and to be

purified with P2X7 from the tsA201 subclone of HEK cells (35, 39),

we decided to use these same expression systems as a positive

control and next co-expressed mouse P2X4 together with an EGFP-

tagged mouse P2X7 construct in these heterologous expression

systems. Using the same conditions as applied for the mouse

tissue and an identical P2X7-EGFP construct, P2X4 could be

clearly co-purified with P2X7 from Xenopus oocytes (Figure 1C)

but not from HEK cells stably expressing the P2X7-EGFP construct

and transiently co-transfected with P2X4 (Figure 1D). Based on

these results, we argue that there is no significant physical

interaction (either heteromerization of subunits or dimerization

of receptors) between P2X4 and P2X7 in native mouse lungs.

3.2 Cell type-specific localization of P2X7
in the mouse lung

Presence of both P2X4 and P2X7 protein has been shown in

different cell types in the lung (38, 63). These studies mostly relied

on pharmacological analysis and transcript identification in

cultured primary cells or cell lines. More recent single-cell RNA-

sequencing (scRNA-Seq) studies (64) indicate that, except for

macrophages, single cell expression data of the corresponding

genes P2rx4 and P2rx7 display limited overlap in intensity and

cell type distribution, suggesting a subordinate role of co-expression

in mouse lung tissue (Supplementary Figure 1A). Transcript data,

however, often do not correlate with protein abundances (compare

Supplementary Figure 1B) and some cell types, e.g. alveolar type 1

(AT1) cells, are frequently underrepresented in scRNA-Seq

data (65).

Hence assessing the precise localization of the P2X7 receptor in

non-transfected tissues at protein level is crucial, but has been

difficult due to a lack of specificity of the available antibodies (66,

67). In particular, P2X4 and P2X7 co-staining in native tissues has

been challenging because the commercially available antibodies are

derived from the same host. Therefore, to determine sites of

possible P2X4/P2X7 interaction in the mouse lung, we generated

a P2X7-specific nanobody fused to the Fc domain of human IgG1

(7E2-hIgG hFcAb) and made use of the P2X7-EGFP reporter

mouse, which was previously shown to reliably report the P2X7

expression pattern in mouse brain and gut nervous system (54, 68,

69). To confirm that this model also correctly mirrors endogenous

P2rx7 expression in the lung, we first compared immunostainings

of lung sections from wild-type (wt), P2X7-EGFP, and P2rx7-/-mice

using the previously described P2X7-specific nanobody fused to a

rabbit Fc domain (7E2-rbFc, (54)). As seen in Figure 2A, both wt

and P2X7-EGFP reporter mice present an evenly distributed

staining along the lung alveoli, most likely representing epithelial

cells, and a stronger signal in single cells, which likely represent
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macrophages (arrowheads in Figure 2A). As expected, sections from

wt mice show a lower signal intensity than sections from P2X7-

EGFP overexpressing mice. P2rx7-/- mice showed only background

fluorescence when imaged under identical conditions. Similar

results were obtained using a commercially available P2X7

antibody (Supplementary Figure 2A) and with the same

nanobody linked to the human Fc-domain (Supplementary

Figure 2B). To identify the P2rx7-expressing cell types, we next

B

C D
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FIGURE 1

Lack of evidence for a physical interaction of P2X4 and P2X7 receptors in transgenic P2X7-EGFP mice. (A) Schematic representation of the

purification of P2X7-containing complexes from mouse lung, cRNA-injected Xenopus laevis oocytes, and transfected HEK cells using anti-EGFP

nanobodies (GFP-Trap®). (B) Immunoprecipitation of P2X7-EGFP complexes from lung tissue of BAC-transgenic P2X7-EGFP mice and wt controls

using the indicated non-denaturing detergents for solubilization. Primary antibodies against GFP (from rat) and P2X4 (from rabbit) and secondary

antibodies for infrared imaging were used for blot development and detection. Note that P2X4 has a tendency to form higher aggregates (dimers

band in the middle image) but does not associate with P2X7 (absence of a band stained with both antibodies). (C) Co-purification of P2X4 with

P2X7-EGFP from Xenopus laevis oocytes. cRNA encoding P2X4 subunits was injected together with cRNA encoding P2X7-EGFP or non-tagged P2X7

subunits (negative control). After 2 days, P2X7-EGFP complexes were immunoprecipitated as in B, using the indicated detergents. Blots were

developed with antibodies against P2X4 and P2X7 (both derived from rabbit). (D) Immunoprecipitation of P2X7-EGFP complexes from HEK293 cells.

P2X4-encoding DNA was transfected transiently into HEK293 cells stably expressing P2X7-EGFP and wt control cells. Proteins were extracted in n-

dodecyl-b-D-maltoside and purified and detected as in (B). Representative results of at least two experiments are shown. Note that the harsh

conditions required to elute the protein from the nanobody-coupled beads leads to a stronger protein denaturation than addition of SDS and results

in a size shift of the P2X7-EGFP band as well as loss of EGFP fluorescence. Also note, that the eluate was about three times more concentrated than

the extract. Panel (A) was created with BioRender.com.
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performed co-staining with cell type-specific markers. Figure 2B

shows that the P2X7 staining lining the alveoli overlaps with the

epithelial AT1 cell marker aquaporin 5 (70), in support of the

previously reported presence of P2X7 in epithelial cells (38, 71).

Due to their close association with epithelial cells, presence of P2X7

protein in aerocytes could not be reliably confirmed. However, in

regions where a cross-section of a microvessel could be identified,

CD31-positive microvascular endothelial cells (arrowhead) show

distinct P2X7-positive staining (see insets in Figure 2B). In addition,

we confirmed that the single cells with more intense P2X7 staining

are Iba1-positive macrophages [enlarged inset in Figure 2C, (72)].

Only a subset of these are F4/80-immunopositive, most likely

representing alveolar macrophages (in Figure 2C). Presence of

P2X7 in lung fibroblasts was excluded (Supplementary Figure 3).

B

C

A

FIGURE 2

Cell type-specific P2X7 protein expression in the mouse lung. (A) 10–20 mm lung cryosections from wt mice, P2X7-EGFP mice, and P2rx7-/- mice as

negative control were prepared in parallel and immunostained with a P2X7-specifc nanobody (7E2-rbFc). Arrowheads show brighter cells, most likely

macrophages. A = Alveolus, Br = Bronchiole, BV = Blood vessel. Scale bar 100 µm. (B) Lung cryosections from wt mice were co-stained with the

P2X7 nanobody (7E2 nb-hFc) and antibodies against the epithelial cell marker aquaporin 5 (AQP5) and the endothelial cell marker platelet endothelial

cell adhesion molecule PECAM-1 (CD31). Insets show representative areas of differential staining for the two marker proteins. The arrowhead

indicates a CD31 positive cell adjacent to a red blood cell (indicated by asterisk). Scale bar 100 µm, inset scale bar 25 µm. (C) Co-staining of lung

cryosections from wt mice using P2X7 nanobodies (7E2-hFc) and antibodies against ionized calcium-binding adapter molecule 1 (Iba-1) and F4/80

as macrophage markers. Insets show a representative staining of a macrophage positive for both marker proteins. Insets show Iba1 and P2X7-

positive cells. Scale bar 25 µm, inset scale bar 10 µm. Nuclear staining with DAPI (in A, C) or TO-PRO-3 (in B) is shown in blue.
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3.3 P2X4 and P2X7 show distinct
cellular localization

After identifying alveolar epithelial cells and macrophages as the

dominant P2X7-positive cells in the lung parenchyma, we next

performed co-staining of P2X4 and P2X7. To this aim, we first co-

stained tissue from P2X7-EGFP transgenic mice with chicken anti-

GFP and rabbit anti-P2X4 antibodies (Figure 3A). This revealed a

clearly distinct cellular distribution of both receptors in the alveolar

epithelium. While P2X7-EGFP is consistently localized along the

respiratory epithelium, the P2X4 signal is mainly detected in single

cells that are larger than AT1 cells and localized at the intersections

between alveoli. Only few P2X4-positive cells show clearly

overlapping cellular expression with P2X7, and most likely

represent macrophages (Figure 3B), as both subunits are co-

expressed in this cell type [Supplementary Figure 1. (13, 73)].

However, a distinct subcellular localization of P2X4 and P2X7 is

observed in these cells (Figure 3B). Based on the localization and

morphology, the majority of P2X4-positive cells most likely represent

AT2 cells, in agreement with the modulatory role of P2X4 in secretion

of lung surfactant in these cells (33). To confirm the specific

localization of P2X4 in AT2 cells, we next used a monoclonal rat

anti-P2X4 antibody in combination with an antibody against the AT2

cell-specific marker pro-surfactant protein C (pro-SPC, Figure 3C).

B

C
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FIGURE 3

Cellular distribution of P2X4 and P2X7 protein in lung tissue. Cryosections (10–20 µm) of lung tissue from the indicated genotypes were

immunostained with anti-GFP (green) and anti-P2X4 (red) antibodies and imaged by confocal microscopy (A) and Airyscan (B). Note that the

enlarged inset in B was imaged separately (C) Specificity of the monoclonal rat anti-mP2X4 antibody in primary cells and co-staining with pro-

surfactant protein C as a marker for AT2 epithelial cells. Nuclear staining with DAPI (in A, B) or TO-PRO-3 (in C) is shown in blue. Scale bar 100 µm.

Insets show the representative subcellular distribution of the respective proteins.
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Despite the evident presence of P2X4 and pro-SPC in AT2 cells, both

proteins also show a clearly distinct subcellular localization (Figure 3C

inset). Whereas the anti-pro-SPC antibody appears to stain larger

structures and most of the cell content (in agreement with staining of

cytoplasmic pro-SPC), P2X4 shows a more restricted distribution in

smaller compartments that most likely represent lamellar bodies.

Mature lung surfactant is stored in lamellar bodies of AT2 cells and its

exocytotic release has been shown to be facilitated by P2X4-mediated

fusion-activated Ca2+ entry (FACE) into lamellar bodies (33). The

specificity of the anti-P2X4 antibody was confirmed using lung tissue

and macrophages from P2rx4-/- mice as control (Figure 3C,

Supplementary Figure S4).

In conclusion, we detect both P2X4 and P2X7 protein in interstitial

macrophages and AT2 cells, in agreement with previous reports (17).

However, both appear to have distinct subcellular localization.

3.4 P2X4 and P2X7 have distinct
subcellular localization

To provide additional support for the cell type-specific

localization and the distinct subcellular localizations of P2X7 and

P2X4 in AT2 epithelial cells and macrophages and to better estimate

possible regions of interaction, we next isolated primary AT2

epithelial cells as well as alveolar and bone marrow-derived

macrophages from wt mice and the respective knock-out animals

(Figure 4). These two types of macrophages were used since

interstitial lung macrophages are difficult to obtain and require

careful characterization. As expected, P2X4 shows a punctate and

clearly intracellular localization in the case of AT2 cells (Figure 4A),

often lining vesicle-like structures (arrows in Figure 4A,

Supplementary Figure S5). P2X7 staining appears punctate

without clear membrane localization (except for cells from

transgenic mice (Supplementary Figure 5) but does not overlap

with P2X4. While the reason for this unexpected intracellular

localization is unclear, its presence in AT2 cells was further

confirmed by Western blotting (Supplementary Figure 1B). In

macrophages, a clear membrane localization is seen for both wt

and P2X7-EGFP transgenic mice (Figures 4B, C, Supplementary

Figure 5) and, importantly, no co-localization is observed for P2X4

and P2X7 (Figure 5). A very similar subcellular distribution of

mainly membrane-localized P2X7 and intracellular P2X4 was

confirmed in isolated peritoneal and primary microglia, the

phagocytic cells of the brain (Supplementary Figure 6). Co-

staining of alveolar, peritoneal, and bone-marrow derived

macrophages with CD68 (Figure 5) confirmed the presence of

P2X4 in endosomal/lysosomal compartments, in agreement with

previous findings, where P2X4 signal overlaps with the signal of

LAMP-1 in macrophages, microglia, endothelial cells, and HEK293

cells (14, 19). Taken together, our findings argue against the

possibility of substantial physical interactions between both

subunits in the plasma membrane of phagocytic cells and might

explain the absence of a clear electrophysiological phenotype

resulting from their co-assembly (36).

3.5 Mutual interrelation between P2rx4 and
P2rx7 expression?

In previous studies, the mutual interaction between P2rx4 and

P2rx7 expression levels has been analyzed at mRNA and protein

levels to identify a possible interrelation. Quantitative reverse

transcription (qRT)-PCR data from mouse kidneys showed a

significant reduction of P2rx4 and P2rx7 mRNA levels in gene-

deficient mouse models of the respective other subunit (41). In

contrast, a reverse relationship was observed in a study that

investigated expression at protein level of both subunits in an

alveolar epithelial cell line and found that shRNA-mediated

downregulation of one subtype resulted in an increased protein

levels of the respective other subtype (38). Therefore, we asked

whether overexpression of P2X7 in the BAC transgenic mouse

model or the genetic ablation of one of both subtypes influenced

protein levels of the respective other subunit in mouse lung tissue.

No mutual interrelation on the protein level was observed in the

whole mouse lung (Figure 6A). Likewise, the mRNA levels of the

respective other subunit were not significantly altered by P2X7-

EGFP overexpression or genetic ablation of either subunit

(Figure 6B). Unexpectedly, but in line with the P2X7 staining in

primary cells from P2rx4-/- mice (Figure 4) and Western blot

analysis from AT2 cells Supplementary Figure 1B), a significantly

decreased level of P2rx7 expression was found in alveolar

macrophages of P2rx4-/- mice. (Figure 6C). These data were

further supported by flow cytometric analyses of alveolar

macrophages (characterized as CD11b+CD11c+CD64+CD206+),

where cell surface-localized P2X7 expression levels were slightly

reduced in P2rx4- /- mice when compared to WT mice

(Supplementary Figure 8).

4 Discussion

Both P2X4 and P2X7 channels have been involved in several

lung diseases including pulmonary fibrosis, COPD, and asthma (42,

45–47). Common cellular functions and evidence for and against

their interaction have been reported and the formation of P2X4/7

complexes would be of important pharmacological relevance. Since

much of this evidence stems from cell culture or overexpression

systems, it is still an open question if these interactions take place at

physiological expression levels in situ. Due to a lack of suitable

antibodies, such studies have so far been difficult in native tissues or

primary cells. Here, we used P2X7-specific nanobodies in

combination with a P2X7-EGFP reporter mouse and P2X4 and

P2X7 knock-out controls to investigate for the first time the

physical interaction, co-localization, and mutual interrelation of

the P2X7 and P2X4 subtypes in the native mouse lung as well as in

primary macrophages and epithelial cell cultures. We find no

physical association and show that both channels, while co-

expressed in macrophages and AT2 epithelial cells, display clearly

different subcellular localizations. Finally, we find that deletion of

P2X4 reduces P2rx7 expression in macrophages and AT2 cells while
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no mutual dependence was observed in whole lung tissue. Our data

provide a detailed description of P2X4 and P2X7 protein

localization in the mouse distal lung parenchyma and argue

against a meaningful physical interaction between both receptors

in this tissue.

4.1 Do P2X4 and P2X7 receptors physically
interact under native conditions?

A possible direct physical interaction and heteromerization of

P2X4 and P2X7 receptors is an ongoing debate. The lack of evidence

B

C

A

FIGURE 4

Subcellular localization of P2X4 and P2X7 in primary AT2 cells and macrophages. (A) Primary AT2 epithelial cells from wt mice and P2rx7-/-, P2rx4-/-

controls, were stained 24 hours after plating with the P2X7-specific nanobody (7E2-hFc), rat anti-P2X4 antibody, and anti-prosurfactant protein C

(SPC) as an AT2-type cell marker. (B) Alveolar macrophages and (C) bone marrow-derived macrophages (BMDM) isolated from wt and the respective

P2X knock-out control mice were stained with the P2X7-specific nanobody (7E2-hFc), anti-P2X4 antibody, and an antibody against the lysosomal/

endosomal marker protein macrosialin (CD68). Nuclear staining with TO-PRO-3 is shown in blue. Scale bar 25 µm. Insets show intracellular puncta

and/or membrane structures. Insets in upper panels show areas of intracellular P2X4 staining and comparable areas from control cells. Insets in

lower panels show plasma membrane localization. Arrowheads indicate vesicle-like structures, where P2X4 is localized.
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for a physical interaction found in this study is in contrast to many

previously described findings where both subunits could be co-

immunoprecipitated not only upon overexpression in HEK293 and

tsA201 cells but also from a non-transfected cell line derived from

alveolar epithelial cells (38) and primary epithelial cells and

macrophages (14, 22, 24, 37, 39). Like in non-transfected cells, an

almost similar physiological expression and only moderate

overexpression levels can be expected in BAC transgenic mice.

Along the same line, stably transfected P2X7-EGFP HEK cells

presumably express less P2X7 than transiently transfected HEK

cells. While we cannot exclude any P2X4/7 complexes below the

detection level, the lack of detergent-resistant P2X4/P2X7

B

A

FIGURE 5

Different subcellular localization of P2X4 and P2X7 in alveolar macrophages (A) and bone marrow derived macrophages (B) from wt and P2X7-EGFP

transgenic mice. Cells were stained with the P2X7-specific nanobody 7E2-hFc, the rat anti-P2X4 antibody, and the monocyte endosome marker

CD68. Images were obtained using a Zeiss LSM 880 with Airyscan, and intensity profiles obtained with the built-in image processing software (ZEN

black) along the indicated lines. Scale bar 10 mm.
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complexes is in agreement with a study where native rat tissues were

investigated by BN-PAGE (40) and with a very limited overlap of

co-localized subunits in native tissues. Thus, the described

interaction of P2X4 and P2X7 in Xenopus laevis oocytes and HEK

cells (24) might be a consequence of P2X4 and/or P2X7 over-

expression in recombinant systems and possibly incorrect

trafficking or accumulation in intracellular compartments such as

the ER and is therefore of minor relevance in native tissue. This is

supported by the fact that over-expressed P2X4 subunits show a

high tendency to aggregate into oligomers (also seen in Figure 1)

that likely include P2X7 subunits in case of strong overexpression.

Similar findings have been described by Torres et al., who showed

that P2X4 constructs were expressed at more than 10 times higher

levels than other P2X subtypes in HEK293 cells and this resulted in

unspecific interactions (5).

4.2 Are P2X4 and P2X7 receptors localized
in the same subcellular compartments?

So far, due to limited availability of specific antibodies suitable

for co-immunostainings, subcellular localization studies for P2X4

and P2X7 could only be performed by overexpression of tagged

proteins and information about possible sites of interaction under

native conditions has been lacking.

Compelling evidence for a close physical association of P2X4

and P2X7 receptors comes from co-precipitation studies with

primary cells, like bone marrow-derived macrophages. However,

despite the fact that both subunits are expressed in the same cell

types and seem to be involved in the same signaling pathways, we

and others have found a distinctly different subcellular localization.

In both recombinant systems and primary cells, the P2X4 subtype

B C

A

FIGURE 6

Mutual interrelation of P2X4 and P2X7 expression. (A) 50 µg total protein of membrane extracts from lung tissue was separated by SDS-PAGE and

immunoblotted with a P2X4- or P2X7-specific antibody (red). Protein levels were quantified via fluorescence intensity of the secondary antibodies

and vinculin was used as a loading control for normalization (green). Protein expression of each P2X subtype was not significantly altered by P2X7-

EGFP overexpression or genetic ablation of the respective other P2X receptor. Data are presented as mean +/– SD from six animals analyzed in two

independent experiments. Significance was analyzed using Student’s t-test. (B) Total RNA was isolated from 20–30 mg lung tissue and after reverse

transcription quantified in a LightCycler 480 system. RPLP0 and PPIA were used as reference genes to calculate relative P2X4 and P2X7 mRNA

levels. (C) Total RNA was isolated from alveolar macrophages and PPIA were used as reference genes to calculate relative P2X4 and P2X7 mRNA

levels. Significance was analyzed using Student’s t-test. ns, not significant; ****, p<0.0001.
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was mostly found intracellularly, co-localizing with lysosomal

markers (14, 19, 74). In neurons but not primary macrophages,

microglia, or vascular endothelial cells heterologously expressed

GFP-tagged P2X4 receptors were also detected in the early

endosomes (19, 74). P2X7, in contrast, is mainly found at the

plasma membrane and only to some extent in intracellular

compartments. Intracellular P2X7 signal was found to overlap

with an ER marker in transfected NRK cells while the overlap of

P2X4 and P2X7 signals in the plasma membrane was only limited

(14). Using FRET-analysis and proximity ligation assays, co-

localization was detected in transfected HEK cells and Xenopus

laevis oocytes (24, 35, 39). This co-localization, however, might be

limited to overexpressed proteins accumulated in the ER. Moreover,

the tendency of some fluorescent protein tags to multimerize needs

to be considered.

Nonetheless, trafficking of P2X4 to the plasma membrane is

known to occur upon stimulation (e.g., via lipopolysacharide (LPS),

(C-C motif chemokine 2 or 12 ionomycin) in microglia and

macrophages (37, 75–77) and also in P2X4-transfected NRK (19).

Thus, it is possible that in stimulated cells P2X4 receptors localize to

the same compartments as P2X7 receptors (e.g. lipid rafts) and this

could account for the observed co-precipitation from primary cells.

Future studies on primary cells and tissues from our reporter mouse

(eg. PLA with stimulated cells) and the presented antibody and

nanobody tools might help to clarify this possibility. However, our

immunofluorescence data support a pharmacological study in the

BV-2 microglia cell line (36) and indicate that under physiological

conditions, no, or only very limited amounts of P2X4 receptors are

present in the plasma membrane.

4.3 Possible functional
interactions/interrelations

Our experiments in macrophages show a significant effect of

P2X4 deletion on P2X7 expression in alveolar macrophages and

AT2 cells (but not vice versa), in contrast with previous studies on

macrophage-like RAW264.7 cells and bone marrow-derived

dendri t ic ce l l s , which showed that shRNA-mediated

downregulation of P2X4 did not affect P2X7 protein levels (21,

23). Together, these studies indicate that depletion of one subunit is

neither limiting the expression of the respective other subunit,

which would be the case if they are forming obligatory

complexes, nor causing a compensatory overexpression of the

other subunit, indicative of their interchangeable function in an

essential physiological process. However, as mentioned above, data

on mutual interrelation of the two P2X subtypes are inconclusive

(38, 41) and tissue/cell type-specific differences or effects of cell

manipulation might account for these findings and need to be

explored. Thus, it has recently been demonstrated that the C57BL/

6J P2rx4-/- mice carry a P2X7 SNP (78) that is not present in

C57BL/6J wt controls. This passenger mutation has been shown to

affect P2rx7 expression and P2X7 function in T cells (79). Likewise,

we cannot exclude that the observed effect on P2rx7 expression is

caused by alterations in the P2rx7 gene structure as a consequence

of P2rx4 deletion rather than a functional interdependence. In

support of this, a recent RNA sequencing study on microglia

from P2X4-deficient mice showed that several genes that are

located within 7.8 Mbase from the P2rx4 gene, including P2rx7,

are down regulated, likely due to chromatine alterations because of

the presence of a ß-galactosidase-neomycine cassette (80).

Alternatively, P2X4 function in intracellular compartments might

be required to regulate P2X7 plasma membrane transport and/

or turnover.

Since both P2X4 and P2X7 receptors are ATP-activated Ca2+-

permeable ion channels and are highly expressed in macrophages, it

appears plausible that they can contribute to common signaling

pathways and serve similar physiological function, at least if both

were present in the plasma membrane. This could well explain the

observed mutual influence on current kinetics, pore formation, ROS

production and the secretion of mature IL-1beta and IL-18 through

the activation of the NLRP3 inflammasome (20, 22, 24, 26). For

example, rapid initial P2X4-mediated Ca2+ influx was suggested to

initiate the P2X7-mediated IL-1b maturation and release (23).

Likewise, P2X4 appears to be influence P2X7-mediated autophagy

and cell death and both receptors were shown to play a role within

the phagosome (19, 25, 26). However, in non-stimulated tissue, we

do not see P2X4 in the membrane and the conditions and

mechanisms for membrane transport in native tissue need to be

further explored. In agreement with our data, (36) found

independent activation of both subunits in the BV-2 microglia

cell line via whole cell patch clamp. This argues against heteromeric

assembly of both receptors, or against a physiological relevance

of such.

5 Conclusion

The P2X7-EGFP reporter mouse model and novel nanobody tools

enabled for the first time the analysis of P2X4 and P2X7 localization

and their interaction in situ and at physiological expression levels. The

presented biochemical and immunofluorescence data argue against a

physiological relevance of P2X4/P2X7 complexes in native mouse

tissue. We suggest that previously described direct interactions of

both subtypes result from over-expression in heterologous systems.

Finally, passenger effects due to the close proximity of both genes need

to be considered when investigating mutual interdependence.
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Table S1: Antibodies used for Western blotting and immunohistochemistry 

Primary antibodies Supplier Cat.# / RRID Dilution 

P2X7  

(rb pAb) 
Synaptic Systems 

177003,  

AB_887755 

1:500 

WB 1:1500 

7E2-rbFc / 7E2-hFc Nolte lab 
Nanobody fused to 

rabbit or human IgG 
0.1 µg/mL 

P2X4 

(rb pAb) 
Alomone 

APR-002, 

AB_2040058 

1:200  

WB 1:1000 

P2X4 

(RG96 rt mAb) 
Nolte lab  0.2 µg/mL 

GFP 

(rb pAb) 
Abcam 

ab6556, 

AB_305564 
1:2000 

GFP  

(chk pAb) 
Thermo Fisher 

CA10262,  

AB_2534023 
1:400  

GFP 

(rat 3H9) 
Chromotek 

3h9-100, 

AB_10773374 
WB 1:1000 

Iba1  

(rb pAb) 
WAKO 

019–19741, 

AB_839504 
1:100 

Iba1  

(ch pAb) 
Synaptic systems 

234 009  

AB_2891282 
1:200 

Aquaporin-5 

(rb pAb) 
Alomone 

AQP-005 

AB_2039736 
1:200 

VE-Cadherin 

(rb pAb) 
Cell Signaling 

2500  

AB_10839118 
1:200 

Podoplanin  

(gt pAb) 
R&D Systems 

AF3244  

AB_2161931 
1:200 

Prosurfactant protein C  

(rb pAb) 
Merk Millipore 

AB3786  

AB_91588 
1:200 

F4/80 

(rt pAb) 
Thermo Fisher 

14-4801-82 

AB_467558 
1:200 

CD68 

(rt pAb) 
Biorad 

MCA1957 

AB_322219 
1:200 

CD68 (rb pAb) Abcam 
AB125212 

AB_10975465 
1:200 

CD16/CD32 BD Pharmingen™ 
553142 

AB_394656 
1:666 

CD45 BD Pharmingen™ 
553076 

AB_394606 
1:666 

CD11b-Bv510  

clone M 1/70 
Biolegend 

101245 

AB_2561390 
1:100 

CD45-APC-Cy7  

clone 30-F11 
Biolegend 

103115 

AB_312980 
1:100 

Ly6G-AF700  

clone 1A8 
Biolegend 

127621 

AB_10640452 
1:100 

CD64-PE-Cy7  

clone PK136 
Biolegend 

139313  

AB_2563903 
1:100 
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CD11c-PE-Dazzle 

clone RTK2071 
Biolegend 

117347  

AB_2563654 
1:100 

P2X7-Bv421 clone 

1F11 
BD Bioscience 

744779 

AB_2742477 
1:100 

CD206-FITC clone 

RTK-2071 
Biolegend 

141703 

AB_10900988 
1:100 

 

Secondary antibodies 

800CW 

gt anti-ms 
LI-COR 

925–32210, 

AB_2687825 
WB 1:15.000 

800CW 

gt anti-rb 
LI-COR 

926-32211, 

AB_621843 
WB 1:15.000 

680RD 

dk anti-rb 
LI-COR 

925–68073, 

AB_2716687 
WB 1:15.000 

680RD 

gt anti-rb 
LI-COR 

925–68071, 

AB_2721181 
WB 1:15.000 

680RD 

gt anti-rat 
LI-COR 

925-68076, 

AB_10956590 
WB 1:15.000 

A594  

gt anti-rb 
Thermo Fisher 

A11037, 

AB_2534095 
1:400 

A594  

gt anti-ms 
Thermo Fisher 

A11032,  

AB_2534091 
1:400 

A594  

gt anti-rat 
Thermo Fisher 

A11007,  

AB_10561522 
1:400 

A546  

gt anti-ms 
Thermo Fisher 

A-11003,  

AB_2534071 
1:400 

A488  

gt anti-rb 
Thermo Fisher 

A11008,  

AB_143165 
1:400 

A488  

gt anti-chk 
Thermo Fisher 

A11039, 

AB_142924 
1:400 

Alexa fluor 405 gt anti-rb Thermo Fisher 
A48254  

AB_2890548 
1:400 

Alexa fluor 488 gt anti-rb 

F(ab')2 
Jackson 

ImmunoResearch 
109-546-088 

AB_2337848 
1:400 

Alexa fluor 647 gt anti-ch Thermo Fisher 
A-21449  

AB_2535866 
1:400 

Alexa fluor 647 gt anti-hs 
Jackson 

ImmunoResearch 
127-605-160 

AB_2339001 
1:400 
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Table S2: Primers 

Name Sequence Position  

P2rx7 fwd-a CTGGTTTTCGGCACTGGA  Exon 9 

P2rx7 fwd-b GAGCACGAATTATGGCACCG Exon 1 

P2rx7 rev-a CCAAAGTAGGACAGGGTGGA  Exon 10 

P2rx7 rev-b GATGCTGTGTCCTAACTTCG Exon 2 

P2rx4 fwd CCAACACTTCTCAGCTTGGAT Exon 2 

P2rx4 rev TGGTCATGATGAAGAGGGAGT Exon 3 

PPIA fwd AGGGTGGTGACTTTACACGC 

 

PPIA rev CTTGCCATCCAGCCATTCAG 

 

RPLP0 fwd GGACCGCCTGGTTCTCCTAT 

 

RPLP0 rev ACGATGTCACTCCAACGAGG 
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